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ABSTRACT
U n t i l  r e c e n t l y ,  r e l a t i v e l y  few s t u d i e s  o f  s te a d y  s t a t e  m u l t i ­
p l i c i t y  i n  gas  f l u i d i z e d  bed  r e a c t o r s  have b een  r e p o r t e d .  T h is  
r e s e a r c h  was co n d u c ted  t o  i n c r e a s e  th e  t h e o r e t i c a l  know ledge 
o f  m u l t i p l i c i t y  and s t e a d y  s t a t e  s t a b i l i t y  i n  t h i s  ty p e  o f  r e a c t o r  
u s in g  a  r e a l i s t i c  m a th e m a t ic a l  m odel.
The a u t o th e r m a l ,  b a t c h  g as  f l u i d i z e d  bed  w ith  an  e x o th e rm ic  
p s e u d o - f i r s t  o r d e r  c a t a l y t i c  r e a c t i o n  was s e l e c t e d  and  a  p a r t i c u l a r  
c a s e  f o r  s tu d y .  The model u sed  was a  m o d i f i c a t i o n  o f  L e v e n s p ie l  
and  K u n i i ' s  " b u b b l in g  bed  m odel"  which h a s  b een  shown t o  a d e q u a te ly  
c o r r e l a t e  a  number o f  g as  f l u i d i z e d  bed  phenomena.
The s o l u t i o n  o f  t h e  s t e a d y  s t a t e  v e r s i o n  o f  t h i s  model r e ­
v e a le d  t h a t  f o r  some i n f l u e n t  c o n d i t i o n s  a  u n iq u e  s t e a d y  s t a t e  
e x i s t s ,  b u t  f o r  o t h e r s ,  t h r e e  w id e ly  d i f f e r e n t  s te a d y  s t a t e  
s o l u t i o n s  w ere c a l c u l a t e d .  The s t a b i l i t y  o f  th e s e  s t e a d y  s t a t e  
s o l u t i o n s  was i n v e s t i g a t e d  by d i r e c t  s i m u l a t i o n .  I t  was found  t h a t  
each  o f  th e  s te a d y  s t a t e s  was s t a b l e  even  f o r  l a r g e  p u l s e  p e r ­
t u r b a t i o n s  o f  th e  boundary  c o n d i t i o n s .  T h is  s t a b i l i t y  a p p a r e n t ly  
r e s u l t s  from th e  i n v a r i a n c e  o f  th e  c a t a l y s t  t e m p e r a tu r e  f o r  th e s e  
s t i m u l i .
However, i t  was found  t h a t  a  sm a l l  (+  107») d i s t u r b a n c e  o f  
lo n g e r  d u r a t i o n  ( ~ m i n . )  c o u ld  induce  a  l a r g e  enough t r a n s i e n t  i n  
th e  c a t a l y s t  t e m p e ra tu r e  (1° to  2°K) to  ca u se  th e  i n t e r m e d i a t e  s t a t e  
o f  th e  t r i p l i c a t e  t o  becom e‘u n s t a b l e .  The o t h e r  s te a d y  s t a t e  
s o l u t i o n s  were found t o  be  s t a b l e  t o  t h e s e  d i s t u r b a n c e s .
-ix-
CHAPTER I  
INTRODUCTION
The e x i s t e n c e  and s t a b i l i t y  o f  m u l t i p l e  s t e a d y  s t a t e s  i n  chem i­
c a l  r e a c t i n g  sys tem s  h as  been  an  a c t i v e  a r e a  f o r  b o th  t h e o r e t i c a l  and 
e x p e r im e n ta l  r e s e a r c h  s in c e  th e  c o n c e p t  was f i r s t  i n t r o d u c e d  by 
van H eerden  i n  1958 ( 2 0 ) .  U n t i l  r e c e n t l y  r e l a t i v e l y  few i n v e s t i g a t i o n s  
o f  m u l t i p l e  s te a d y  s t a t e s  i n  g a s  f l u i d i z e d  bed r e a c t o r s  have been 
r e p o r t e d .  The most n o t a b l e  among th e s e  were th e  i n v e s t i g a t i o n s  o f  
Luss & Amundson ( 1 0 ) ,  W e s te r t e r p  ( 1 1 ) ,  and N akash io  ( 1 2 ) .  In  each  
o f  th e s e  c a s e s ,  l i n e a r  s t a b i l i t y  a n a l y s e s  were perfo rm ed  on v a r i o u s  
m o d e ls .  The p r e s e n t  r e s e a r c h  was c o n d u c ted  to  add  to  th e  g row ing  
body o f  t h e o r e t i c a l  know ledge c o n c e rn in g  th e  e x i s t e n c e  and s t a b i l i t y  
o f  s te a d y  s t a t e  m u l t i p l i c i t y  i n  gas  f l u i d i z e d  bed r e a c t o r s .  The 
model u s e d ,  an  e x t e n s i o n  o f  th e  " b u b b l in g  bed m odel"  r e c e n t l y  
advanced  by L e v e n s p ie l  & K u n i i ( 2 ) ,  forms a  sound b a s i s  f o r  th e  
c o r r e l a t i o n  o f  p i l o t  p l a n t  d a t a  f o r  c a t a l y t i c  gas  f l u i d i z e d  bed 
r e a c t o r s  w ith  h ig h ly  e x o th e rm ic  r e a c t i o n s .  The model f u r th e rm o re  
p ro v id e s  a  t o o l  f o r  th e  d e s ig n  e n g in e e r  e n t r u s t e d  w ith  th e  ch o re  o f  
s c a l i n g - u p  p i l o t  d a ta  and e v a l u a t i n g  th e  s t a b i l i t y  o f  th e  r e a c t o r  
a s  a  f u n c t i o n  o f  i n l e t  p e r t u r b a t i o n s .
A. The C a t a l y t i c  Gas F l u i d i z e d  Bed R e a c to r
The t h r e e  b a s i c  ty p e s  o f  f l u i d i z e d  b ed s  can be c a t e g o r i z e d  a s  
l i q u i d - s o l i d ,  b u b b l in g  b e d s  o f  gas  and s o l i d s ,  and le a n -p h a s e  
f l u i d i z e d  beds w i th  pneum atic  t r a n s p o r t  o f  s o l i d s .  I f  th e  i n l e t  
v e l o c i t y  o f  a f l u i d  e n t e r i n g  a  c y l i n d r i c a l  e n c lo s u r e  o r  bed o f  f i n e
s o l i d s  i s  s m a l l  enough , th e  f l u i d  p e r c o l a t e s  th ro u g h  th e  i n t e r -  
s t i c i a l  s p a c e s  be tw een  th e  s o l i d s .  T h i s  i s  t h e  n a t u r e  o f  th e  f l u i d  
flow  p a t t e r n  i n  a  f ix e d  bed r e a c t o r .  A t s u f f i c i e n t l y  l a r g e  i n l e t  
v e l o c i t i e s ,  d ra g  f o r c e s  on t h e  p a r t i c l e s  w i l l  j u s t  c o u n te r b a la n c e  
t h e i r  w e ig h t .  T h is  o c c u r s  a t  a  c o n d i t i o n  o f  i n c i p i e n t  o r  minimum 
f l u i d i z a t i o n .  In  t h i s  s i t u a t i o n ,  th e  p r e s s u r e  d rop  th ro u g h  any 
s e c t i o n  o f  th e  bed w i l l  be a p p ro x im a te ly  e q u a l  t o  th e  w e ig h t  o f  
s o l i d s  i n  t h a t  s e c t i o n .
In  th e  c a s e  o f  th e  l i q u i d - s o l i d  sy s tem , an  i n c r e a s e  i n  th e  
i n l e t  v e l o c i t y  l e a d s  t o  a  g r a d u a l  e x p a n s io n  o f  th e  b e d .  G e n e r a l l y ,  
no b u b b l in g ,  i . e .  fo rm a t io n  o f  d i s c o n t in u o u s  d r o p l e t s  o f  th e  l i q u i d  
p h a s e ,o c c u r s .
In  th e  g a s - s o l i d  s y s te m ,  on th e  o t h e r  h a n d ,  a  s t r e a m  o f  d i s c r e t e  
b u b b le s ,  r e f e r r e d  to  a s  t h e  b u b b le  p h a s e ,  i s  formed a s  th e  i n l e t  
g a s  v e l o c i t y  i s  i n c r e a s e d  beyond th e  s t a t e  o f  i n c i p i e n t  f l u i d i z a t i o n . 
The b u b b le s  formed u s u a l l y  c o n t a i n  o n ly  sm a l l  am ounts o f  s o l i d s .  
T h e r e f o re ,  th e  fo rm a t io n  o f  a b u b b le  phase  r e p r e s e n t s  a so u rc e  o f  
i n e f f i c i e n c y  in  te rm s o f  s o l i d s - g a s  c o n t a c t i n g .  As i n l e t  gas  
v e l o c i t i e s  a re  f u r t h e r  i n c r e a s e d ,  th e  r i s i n g  b u b b le s  b e g in  to  
promote v i o l e n t  movement o f  t h e  s o l i d s  w i t h i n  th e  b ed .  Thus, th e  
a c t i o n  o f  r i s i n g  b u b b le s  i s  r e s p o n s i b l e  f o r  th e  s o l i d s  c i r c u l a t i o n  
p a t t e r n  w i th i n  th e  b ed .  T h is  r a p id  c i r c u l a t i o n  o f  th e  s o l i d s  l e a d s  
t o  te m p e ra tu re  u n i f o r m i ty  i n  g as  f l u i d i z e d  b ed s  t h a t  i s  c h a r a c t e r i s ­
t i c .  Because o f  th e  te m p e r a tu r e  u n i f o r m i ty  o f  th e  s o l i d s  a lo n g  
th e  le n g th  o f  th e  b e d ,  most r e s e a r c h e r s  have u sed  a backmix model 
to  d e s c r ib e  th e  s o l i d s  w i t h i n  th e  b ed .
The e x i s t e n c e  o f  b u b b le s  i n  gas  f l u i d i z e d  beds  h as  b o th  good
and  bad  f e a t u r e s .  The a c t i o n  o f  t h e  b u b b le s  l e a d s  to  a  t e m p e ra tu r e  
u n i f o r m i ty  t h a t  i s  n o t  a c h ie v e d  i n  f ix e d  bed r e a c t o r s .  However, 
g a s  t h a t  r i s e s  th ro u g h  th e  bed  i n  b u b b le s  does  n o t  a c h ie v e  th e  
g a s - s o l i d s  c o n t a c t i n g  t h a t  gas  p e r c o l a t i n g  th ro u g h  a  f ix e d  bed d o e s .  
I n  such a  f l u i d i z e d  c a t a l y t i c  r e a c t o r ,  th e  red u ce d  c o n t a c t  t im e 
be tw een  gas and s o l i d s  would be e x p e c te d  t o  re d u c e  r e a c t o r  y i e l d .  
In d e e d ,  i t  i s  g e n e r a l l y  found t h a t  g as  f l u i d i z e d  c a t a l y t i c  r e a c t o r s  
p ro v id e  low er y i e l d s  th a n  f ix e d  bed r e a c t o r s  w i th  th e  same c a t a l y s t  
lo a d in g ,  i . e . ,  c a t a l y s t  to  r e a c t a n t  gas  r a t i o .
As g as  v e l o c i t i e s  a r e  in c r e a s e d  even  f u r t h e r ,  th e  t e r m in a l  
v e l o c i t y  o f  th e  s o l i d s  i s  r e a c h e d .  At t h i s  c o n d i t i o n , s o l i d s  en -  
t r a in m e n t  i n  th e  g as  s t r e a m  and s u b se q u e n t  s o l i d s  c a r r y - o v e r  become 
s i g n i f i c a n t .  I f  t h e  r e a c t o r  i s  o p e r a t e d  w i th  an  i n l e t  gas  v e l o c i t y  
beyond th e  t e r m in a l  v e l o c i t y  o f  th e  s o l i d s ,  i t  i s  r e f e r r e d  to  a s  a 
l e a n - p h a s e  bed w i th  p n eu m a tic  t r a n s p o r t .  O b v io u s ly ,  f r e s h  o r  r e ­
c y c le d  c a t a l y s t  m ust be c o n t in u o u s ly  added  to  t h i s  r e a c t o r  sy s tem .
In  c o n t r a s t  w i th  th e  p r e v io u s  l e a n - p h a s e  bed i s  th e  b a tc h  gas  
f l u i d i z e d  bed ,  i n  w hich a  g iv e n  c h a rg e  o f  c a t a l y s t  i s  c o n ta c te d  
w ith  a  c o n t in u o u s  g as  s t r e a m .  In  t h i s  c a s e ,  th e  r e a c t o r  i s  o p e ra te d  
b a tc h - w is e  w i th  r e s p e c t  t o  th e  s o l i d s .  In  t h i s  r e s e a r c h ,  th e  b a tc h  
gas  f l u i d i z e d  bed was s e l e c t e d  a s  t h e  p a r t i c u l a r  c a s e  f o r  s tu d y .
The b u b b le s  i n  b u b b l in g  beds form a t  th e  i n l e t  d i s t r i b u t o r .
As th e  b u b b le s  r i s e ,  t h e i r  d ia m e te r s  te n d  t o  i n c r e a s e ,  p r i m a r i l y  
due to  b u b b le  c o a l e s e n c e .  I f  th e  b u b b le  d ia m e te r s  ap p ro ach  the  
column d ia m e te r  i n  s i z e ,  th e  bed b e g in s  to  s l u g .  S lu g g in g  i s  a 
s e r i o u s  problem  in  gas  f l u i d i z e d  beds f o r  i t  l e a d s  to  bo th  c a t a l y s t  
e n t r a in m e n t  and red u ced  g a s - s o l i d  c o n t a c t i n g  e f f i c i e n c y .
As we s h a l l  se e  l a t e r ,  b u b b le  d ia m e te r  g r e a t l y  I n f l u e n c e s  t h e  
p e rfo rm a n ce  o f  th e  r e a c t o r  s in c e  th e  s m a l le r  i s  the  b u b b le  d i a m e te r ,  
th e  g r e a t e r  i s  th e  r e a c t o r  y i e l d .  C l e a r l y ,  t h e r e f o r e ,  i t  i s  v e ry  
d e s i r a b l e  t o  c o n t r o l  bubb le  d ia m e te r  i n  b u b b l in g  b e d s .  I t  w i l l  be 
assumed h e re  t h a t  s u i t a b l e  b a f f l i n g  m ethods to  l i m i t  b u b b le  d ia m e te r  
a r e  a v a i l a b l e .  The model to  be d e v e lo p ed  w i l l  c h a r a c t e r i z e  th e  
p o p u la t io n  o f  b u b b le s  i n  a bed by a  s i n g l e  mean o r  e f f e c t i v e  b u b b le  
d ia m e te r .
B. I n d u s t r i a l  Im p o r tan ce  o f  Gas F l u i d i z e d  Bed R e a c to rs
F r i t z  W ink le r  (2 )  was r e s p o n s i b l e  f o r  th e  f i r s t  com m ercia l a p ­
p l i c a t i o n  o f  f l u i d i z e d  bed r e a c t o r s .  The W in k le r  gas p r o d u c e r ,  
which was i n t r o d u c e d  i n  1926, was used  th ro u g h o u t  Germany and Jap an  
to  g e n e r a te  a  s u p p ly  o f  raw gas  from c o a l  f o r  th e  s y n t h e t i c  c h e m ic a l  
i n d u s t r y .
T his  was fo l lo w e d  by e x t e n s i v e  e f f o r t s  to  d ev e lo p  and a p p ly  
f l u i d i z e d  bed te c h n o lo g y  to  th e  c o n v e r s io n  o f  k e ro s e n e  and l i g h t  o i l s  
to  h igh  o c ta n e  a v i a t i o n  f u e l ,  a  c r i t i c a l  need f o r  th e  war e f f o r t  o f  
th e  e a r l y  1 9 4 0 's .  The Houdry p r o c e s s ,  i n  o p e r a t i o n  s in c e  1937, 
u t i l i z e d  a f ix e d  bed o f  a lu m in ia  c a t a l y s t  f o r  t h i s  r e a c t i o n .  However, 
i t  was n o t  c o n s id e r e d  p r a c t i c a l  f o r  l a r g e  s c a l e  p r o d u c t io n  due to  
th e  te m p e ra tu re  c o n t r o l  p rob lem s a s s o c i a t e d  w ith  f ix e d  bed o p e r a t i o n .  
F u r th e rm o re ,  th e  Houdry p ro c e s s  was o p e r a t e d  i n t e r m i t t e n t l y  b eca u se  
th e  c a t a l y s t  had t o  be r e g e n e r a t e d  f r e q u e n t l y .
Esso R esearch  and E n g in e e r in g  Company, w ith  th e  h e lp  o f  P r o f e s s o r s  
W. K. Lewis and E. R. G i l l i l a n d  o f  M . I . T . ,  and w ith  th e  c o o p e r a t io n  
o f  W. M. K e l lo g  Company, b ro u g h t  on s t r e a m  th e  SOD Model I (S ta n d a rd
O i l  Development Company Model I )  v e r s i o n  o f  th e  FCC ( F l u i d  C a t a l y t i c  
C ra c k in g )  p r o c e s s  i n  1942. The p r o c e s s  c o n s i s t e d  o f  a  f l u i d i z e d  
bed r e a c t o r  c o n t a in in g  a  c a t a l y s t  to  c r a c k  p e t ro le u m  g a s .  The 
c a t a l y s t  was p a r t i a l l y  c a r r i e d - o v e r  and  p n e u m a t ic a l ly  conveyed to  
a n o t h e r  r e a c t o r  i n  which i t  was r e g e n e r a t e d  by a f l u i d i z i n g  a i r  
s t r e a m .  The a i r  s t r e a m  burned  o f f  coke d e p o s i t e d  on th e  c a t a l y s t  
d u r in g  th e  c r a c k in g  r e a c t i o n .
The s u c c e s s  o f  th e  FCC p r o c e s s  s t i m u l a t e d  i n t e r e s t  t h a t  le d  t o  
a  b ro a d  spec trum  o f  f l u i d i z a t i o n  te c h n o lo g y .  Among such  im p o r ta n t  
a p p l i c a t i o n s  o f  f l u i d i z e d  beds i n  th e  p e t ro le u m  i n d u s t r y  a r e  th e  
F lu id  H ydroform ing P ro c e s s  f o r  h y d ro fo rm in g  n a p th a  v ap o r  and th e  
F lu id  Coking P ro c e s s  which p ro d u c e s  n e a r l y  s p h e r i c a l  20 to  100 mesh 
coke p a r t i c l e s  and  c ra c k  gas  o i l  from a  p i t c h  feed  o f  heavy o i l .
Many ch em ica l  s y n th e s e s  a r e  c a r r i e d  o u t  i n  gas f l u i d i z e d  bed 
r e a c t o r s  i n  the  ch em ica l i n d u s t r y .  The same h ig h  r a t e  o f  g a s - s o l i d  
h e a t  t r a n s f e r  and c a t a l y s t  t e m p e ra tu r e  u n i f o r m i ty  m en tioned  e a r l i e r  
makes t h i s  type  o f  r e a c t o r  i d e a l  f o r  e x o th e rm ic  s y n t h e s e s .  U nlike  
th e  f i x e d  bed r e a c t o r  which o f t e n  e x p e r i e n c e s  b o th  h ig h  a x i a l  and 
r a d i a l  te m p e ra tu re  g r a d i e n t s  w i th  e x o th e rm ic  r e a c t i o n s ,  th e  gas  
f l u i d i z e d  bed can be o p e r a t e d  e s s e n t i a l l y  i s o t h e r m a l l y . T h is  
c h a r a c t e r i s t i c  p ro v id e s  f o r  r e l a t i v e l y  s im p le  c o n t r o l .  In  a d d i t i o n ,  
s i n c e  p ro d u c t  d i s t r i b u t i o n  and s i d e  r e a c t i o n s  a r e  f r e q u e n t l y  temp­
e r a t u r e  s e n s i t i v e ,  th e  f l u i d i z e d  bed o f f e r s  a  c o n s i d e r a b l e  a d v a n ta g e  
o v e r  th e  f ix e d  bed r e a c t o r .  Some key c h e m ic a l  s y n th e s e s  i n c lu d e  
th e  p r o d u c t io n  o f  e th y le n e  o x id e  by th e  a i r  o x i d a t i o n  o f  e t h y le n e  
o v e r  a  s i l v e r  c a t a l y s t ;  th e  p r o d u c t io n  o f  a l k y l  c h l o r i d e s  from 
o l e f i n s ,  HC1, and 0^  u s in g  a co p p er  c h l o r i d e  c a t a l y s t  ( S h e l l
D evelopm ent Company P r o c e s s ) ;  and th e  p r o d u c t i o n  o f  p h t h a l i c  
a n h y d r id e  by c a t a l y t i c  o x i d a t i o n  o f  n a p th a le n e  w i th  e x c e s s  a i r ,  
among o t h e r s .  A more co m prehens ive  t r e a tm e n t  o f  t h e  a p p l i c a t i o n s  
o f  f l u i d  beds  t o  ch e m ic a l  s y n t h e s i s  can  be found i n  t e x t s  by K u n ii  
and L e v e n sp ie l  (2 )  and Othmer and Zenz ( 3 ) .
The p r o d u c t io n  o f  e th y le n e  o x id e  by th e  a i r  o x i d a t i o n  o f  
e t h y l e n e ,  d e s c r ib e d  i n  d e t a i l  by C o r r ig a n  ( 1 ) ,  i s  a  good example to  
c o n s i d e r  b eca u se  i t  i l l u s t r a t e s  c l e a r l y  t h e  p a r t i c u l a r  a d v a n ta g e s  
o f  t h e  f l u i d i z e d  b e d .  The r e a c t i o n  mechanism i s  i l l u s t r a t e d  below . 
As can  b e  s e e n ,  t h e  s i d e  r e a c t i o n
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AH = 2 5rx n  gm-mole C^H^
-  340 K calrx n  gm-mole C ^ ^
to  p roduce  c a rb o n  d io x id e  and  w a te r  i s  13 t im e s  more e x o th e rm ic  th an  
th e  d e s i r e d  r e a c t i o n .  T hus , t h e r e  w i l l  be an  optimum o p e r a t i n g  
te m p e r a tu r e  t h a t  m axim izes  th e  y i e l d  o f  t h e  d e s i r e d  in t e r m e d i a t e  
p r o d u c t ,  e th y le n e  o x id e .  T h is  r e a c t i o n  c l e a r l y  i n d i c a t e s  th e  ex trem e 
im p o r ta n c e  o f  t e m p e ra tu r e  c o n t r o l  and u n i f o r m i ty  b e c a u se  th e  r e a c t i o n  
o f  a i r  and  e th y le n e  i s  p o t e n t i a l l y  e x p l o s i v e .  I t  w i l l  become e v i d e n t  
l a t e r ,  t h a t  th e  l a r g e  mass o f  c a t a l y s t  i n  th e  f l u i d i z e d  bed and th e  
e x c e l l e n t  h e a t  t r a n s f e r  be tw een  gas  and c a t a l y s t  c a u s e s  th e  c a t a l y s t  
t o  s e rv e  a s  a  g i a n t  " th e rm a l  f ly w h e e l"  w hich  e f f e c t i v e l y  i n h i b i t s  
i n c i p i e n t  run-away c o n d i t i o n s .  A d d i t i o n a l l y ,  th e  y i e l d  o f  e t h y le n e  
o x id e  i s  fav o re d  by an a p p ro ac h  to  p lu g - f lo w  c o n d i t i o n s .  A lthough  
th e  flow  p a t t e r n  o f  th e  gas  th ro u g h  th e  bed  i s  n e i t h e r  p lu g - f lo w  no r  
backm lx , i t  a p p ro a c h e s  p lu g  f low  c o n d i t i o n s .
F l u i d i z a t i o n  te c h n o lo g y  h as  a l s o  been  a p p l i e d  to  o t h e r  
I n d u s t r i a l  u n i t  o p e r a t i o n s  such a s  s o l i d s  t r a n s p o r t ,  s o l i d s  m ix in g ,  
f l u i d i z e d  h e a t  e x ch a n g e ,  c o a t in g  p l a s t i c  m a t e r i a l s  on m e ta l  s u r f a c e s ,  
d r y in g  and s i z i n g  s o l i d s ,  a d s o r p t i o n ,  c r y s t a l l i z a t i o n ,  and many o t h e r s .
C. S teady  S t a t e  M u l t i p l i c i t y  i n  Chem ical R e a c to r s
One o f  th e  e a r l i e s t  s t u d i e s  o f  m u l t i p l e  s te a d y  s t a t e s  was 
p u b l i s h e d  by C. van H eerden ( 2 0 ) .  C. van H eerden  d id  t h e o r e t i c a l  
s t u d i e s  o f  t h i s  phenomenon in  an  i d e a l  backmix r e a c t o r ,  i n  an  i d e a l  
p i s t o n  f lo w  r e a c t o r  w i th  h e a t  exchange  betw een th e  r e a c t o r  fe e d  and 
e f f l u e n t ,  and i n  an i d e a l  p i s t o n  f low  r e a c t o r  w i th  a x i a l  c o n d u c t io n  
o f  h e a t  a lo n g  th e  r e a c t i o n  p a t h .  In  a l l  c a s e s ,  he d e m o n s t ra te d  th e  
e x i s t  .nee o f  m u l t i p l e  s te a d y  s t a t e s  u s in g  r e a s o n a b le  p h y s i c a l  
p a r a m e te r s .  C. van. H eerden co n c lu d ed  t h a t  a  n e c e s s a r y ,  a l th o u g h  n o t  
s u f f i c i e n t ,  c o n d i t i o n  f o r  th e  o c c u r r e n c e  o f  m u l t i p l i c i t y  i s  th e  
feed b a ck  o f  h e a t  a lo n g  th e  r e a c t i o n  p a t h .  In  th e  c a s e  o f  th e  b a c k ­
mix r e a c t o r ,  t h i s  fee d b a c k  i s  due to  c o n v e c t io n  w i th in  th e  r e a c t i o n  
m ix tu r e .  For t h e  p i s t o n  flow  r e a c t o r ,  two d i f f e r e n t  ty p e s  o f  
th e rm a l  fee d b a c k  a r e  c o n s id e r e d .  In  th e  f i r s t  c a s e ,  th e  feed b ack  
mechanism i s  a x i a l  c o n d u c t io n  a lo n g  th e  r e a c t i o n  p a t h .  In  th e  
second c a s e ,  th e  mechanism i s  h e a t  exchange th ro u g h  a  s u r f a c e  
exchanger  be tw een  th e  feed  and e f f l u e n t .
C. van  H eerden  r e p o r te d  t h a t  t h r e e  d i f f e r e n t  s t e a d y  s t a t e s  were 
a v a i l a b l e  t o  th e  sy stem s he s t u d i e d  un d er  p a r t i c u l a r  s e t s  o f  
c i r c u m s ta n c e s .  In  th e s e  c a se s ,  th e  i n t e r m e d i a t e  s te a d y  s t a t e  
ap p e a re d  u n s t a b l e  to  even  sm all p e r t u r b a t i o n s  o f  th e  i n l e t  c o n d i t i o n s .  
Hence, t h i s  i n t e r m e d i a t e  c o n v e r s io n  l e v e l ,  which he r e f e r r e d  t o  a s
a n  i g n i t i o n  p o i n t ,  c o u ld  n o t  be m a in ta in e d  f o r  f e e d  c o m p o s i t io n  
o r  t e m p e ra tu r e  ch a n g e s .  When p u l s e d ,  th e  r e a c t o r  o p e r a t e d  i n  
t r a n s i e n t  f a s h io n  u n t i l  a  more s t a b l e  s te a d y  s t a t e  c o n d i t i o n  was 
r e a c h e d .  Both th e  h igh  and low c o n v e r s io n  l e v e l  s o l u t i o n s  were 
s t a b l e  to  such sm a l l  p u l s e s  i n  th e  boundary  c o n d i t i o n s .
T here  a r e  many o t h e r  p u b l i c a t i o n s  i n  th e  l i t e r a t u r e  d e a l i n g  
w i th  th e  o c c u r r e n c e  o f  m u l t i p l i c i t y  i n  v a r i o u s  r e a c t o r  t y p e s .
T ab le  1-1  i s  a com prehens ive  l i s t  o f  them. M u l t i p l i c i t y  has  been 
d e m o n s t r a te d  i n  i d e a l  backm ix r e a c t o r s  ( 4 , 1 3 , 2 0 ) ,  i n  i d e a l  p lu g  
f lo w  r e a c t o r s  w i th  a x i a l  d i s p e r s i o n  ( 4 ,7 )  i n  f i x e d  bed r e a c t o r s  
w i th  a x i a l  d i s p e r s i o n  o f  mass and e n e rg y  ( 5 , 6 , 9 , 1 6 ) ,  i n  s i n g l e  
c a t a l y s t  p e l l e t s  e x p e r i e n c in g  h e a t  and  mass t r a n s f e r  r e s i s t a n c e s  
w i t h i n  th e  p o re s  o f  th e  c a t a l y s t  ( 1 4 ,1 5 ) ,  f o r  s i n g l e  c a t a l y s t  
p a r t i c l e s  h a v in g  mass and h e a t  t r a n s f e r  r e s i s t a n c e s  a c r o s s  a f l u i d  
boundary  l a y e r  a s  w e l l  a s  w i th i n  th e  p o re s  o f  th e  c a t a l y s t  ( 1 8 ,1 7 , 1 9 ,  
2 1 ,2 2 ) ,  and a l s o  in  gas f l u i d i z e d  bed r e a c t o r s  ( 1 0 ,1 1 , 1 2 ) .  In 
each  o f  th e  s t u d i e s  l i s t e d  in  T ab le  1 - 1 ,  i t  was d e m o n s t r a te d  t h a t  
t h e  sy s tem  e x h i b i t e d  e i t h e r  a s i n g l e ,  un ique  s t e a d y  s t a t e  o r ,  f o r  
some c o n d i t i o n s ,  a  m u l t i p l e  s te a d y  s t a t e  s o l u t i o n .  I t  was f u r t h e r  
o b se rv ed  t h a t  th e  s te a d y  s t a t e s  a lw ays  o c c u r r e d  i n  odd number s e t s .  
G av a la s  (8 )  p roved  t h a t  among th e  (2m + 1) s te a d y  s t a t e s  (m i s  an 
i n t e g e r ) ,  th e  even  numbered s t e a d y  s t a t e s  were u n s t a b l e  t o  sm a ll  
p e r t u r b a t i o n s .
1. T h e o r e t i c a l  S tu d ie s  o f  M u l t i p l i c i t y  i n  F l u i d i z e d  Bed 
R e a c to r s
Among th e  s t u d i e s  o f  m u l t i p l i c i t y  i n  f l u i d i z e d  bed r e a c t o r s  to  
b e  found in  th e  l i t e r a t u r e ,  th o s e  o f  W e s te r te r p  ( 1 1 ) ,  N akash io  ( 1 2 ) ,  
and Luss and Amundson (1 0 )  a r e  o f  key i n t e r e s t  h e r e .  W e s te r t e r p  (1 1 )
9TABLE 1-1
T h e o r e t i c a l  S tu d ie s  o f  M u l t i p l e  S tea d y  S t a t e s  
i n  C hem ical R e a c t in g  Systems
(A) C o n tin u o u s  S t i r r e d  Tank R e a c to r s  (CSTR)
1. van H eerden  ( 4 ,2 0 )
2 . S chm itz  & Amundson (13)
(B) P lu g  Flow T u b u la r  R e a c to r s
1. van H eerden  ( 4 ,2 0 )
2 . Lee & Amundson (7 )
3 .  Luss & Amundson (27)
4 .  Luss 6c Amundson (2 8 )
(C) Packed F ix ed  Bed R e a c to r s
1. L iu  6c Amundson (3 )
2 .  L iu  6c Amundson ( 6 )
3 .  H lavacek  (9 )
4 .  Amundson 6e Raymond (1 6 )
(D) S in g le  C a t a l y s t  P a r t i c l e s
1. G av a la s  (8 )
2. Wei (14)
3 . Kuo (15)
4. F r i e d l e y  6c P e t e r s e n  (1 8 )
5 . W eiss 6c H icks  (1 7 )
6 . P e t e r s e n ,  e t  a l .  (1 9 )
7. Wicke (2 1 )
8 . Wei (22)
(E) F l u i d i z e d  Bed R e a c to r s
1 . Luss 6c Amundson ( 1 0 )
2 .  W e s te r t e r p  (11 )
3 .  N akash io  (12)
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d e s c r i b e d  th e  f l u l d l z e d  bed  r e a c t o r  a s  a  c o n t in u o u s  s t i r r e d  ta n k  
r e a c t o r  n e g l e c t i n g  th e  p r e s e n c e  o f , s o l i d s  i n  th e  b e d .  He a p p l i e d  
i d e a l  backmix r e a c t o r  a n a l y s i s  p r e v i o u s l y  d e v e lo p ed  by van H eerden 
(2 0 )  t o  th e  c a s e  i n  w hich m u l t i p l e  r e a c t i o n s  o c c u r r e d  s im u l ta n e o u s ly  
by c o n s id e r i n g  th e  c o n v e r s io n  o f  n a p th a le n e  to  p h t h a l i c  a n h y d r id e .  
W e s te r t e r p  c o n c lu d ed  t h a t  a s  many a s  f i v e  s te a d y  s t a t e s  were a v a i l ­
a b le  t o  t h i s  sy s te m .  W hether a  u n iq u e  s te a d y  s t a t e  i s  o b ta in e d  o r  
m u l t i p l e  s te a d y  s t a t e s  a r e  p o s s i b l e  depends  on th e  complex b a la n c e  
be tw een  th e  h e a t  g e n e r a t i o n  due to  c h e m ic a l  r e a c t i o n  and th e  h e a t  
w i th d ra w a l  from th e  sy s te m . Two h e a t  rem oval p r o c e s s e s  a r e  in c lu d e d  
in  W e s t e r t e r p ' s  m odel, h e a t  t r a n s f e r  a c r o s s  th e  r e a c t o r  j a c k e t ,  and 
th e  h e a t  r e q u i r e d  t o  p r e h e a t  th e  incom ing r e a c t a n t s  to  th e  r e a c t o r  
t e m p e r a t u r e .
N akash io  (1 2 )  u t i l i z e d  a  backmix model t o  d e s c r ib e  th e  second 
o r d e r  h e te ro g e n e o u s  g a s - s o l i d  r e a c t i o n
A + B -  C + D s g s g
i n  a f l u i d i z e d  bed  w here g as  f low ed  c o u n t e r c u r r e n t  t o  th e  s o l i d s .
H is model assumed t h a t  b o th  s o l i d s  and  gas  a r e  in  backmix f low .
U sing an  a n a l y s i s  s i m i l a r  to  t h a t  i n t r o d u c e d  by van H eerden  ( 2 0 ) ,  
N akash io  was a b l e  to  l o c a t e  b o th  m u l t i p l e  and  un ique  s te a d y  s t a t e s  
f o r  h i s  sy s tem . U sing a l i n e a r  s t a b i l i t y  a n a l y s i s  and a  l i n e a r i z e d  
m ode l,  he showed t h a t  t h e  i n t e r m e d i a t e  s t e a d y  s t a t e  o f  th e  t r i p l i c a t e  
was u n s t a b l e  to  sm a l l  p e r t u r b a t i o n s .
Luss and Amundson (1 0 )  s t u d i e d  m u l t i p l i c i t y  and s t a b i l i t y  in  
a b a tc h  c a t a l y t i c  f l u i d i z e d  bed r e a c t o r .  They u t i l i z e d  a two phase 
( c a t a l y s t  and gas  p h a s e )  backmix model c o n s i d e r i n g  the  c a s e  o f  th e
f i r s t  o r d e r  r e a c t i o n ,  A-*B. T h ree  h e a t  t r a n s f e r  mechanisms were 
in c lu d e d :  t r a n s f e r  t o  th e  s o l i d s  from th e  g a s ,  p r e h e a t i n g  th e  i n l e t  
r e a c t a n t  g as  t o  th e  r e a c t o r  t e m p e r a tu r e ,  and h e a t  t r a n s f e r  a c r o s s  
th e  r e a c t o r  j a c k e t .
Luss and  Amundson d e m o n s t ra te d  t h a t  one t o  t h r e e  s te a d y  s t a t e s  
were a v a i l a b l e  t o  th e  sy s tem  when th e  e n t i r e  b a t c h  o f  c a t a l y s t  
p a r t i c l e s  was a t  a  u n ifo rm  te m p e r a tu r e .  A g a in ,  a l i n e a r  s t a b i l i t y  
a n a l y s i s  i n d i c a t e d  th e  i n s t a b i l i t y  o f  th e  i n t e r m e d i a t e  s t e a d y  
s t a t e  t o  s m a l l  p e r t u r b a t i o n s  o f  th e  c a t a l y s t  t e m p e r a tu r e .
Luss and Amundson a l s o  d e s c r ib e d  a  s p e c i a l  k in d  o f  s t e a d y  
s t a t e  o b ta in e d  i f  th e  c a t a l y s t  i n  th e  bed had an  i n i t i a l  t e m p e r a tu r e  
d i s t r i b u t i o n .  T h e i r  a n a l y s i s  d e m o n s t r a te d  t h a t  th e  i n i t i a l  tem p­
e r a t u r e  o f  th e  c a t a l y s t  i s  th e  p re d o m in an t f a c t o r  w hich d e te rm in e s  
th e  k in d  o f  s te a d y  s t a t e  which th e  sy s tem  a t t a i n s .
2. E x p e r im e n ta l  E v idence  o f  M u l t i p l i c i t y  i n  Chem ical R e a c t in g  
Systems
The o c c u r r e n c e  o f  m u l t i p l e  s t e a d y  s t a t e s  i n  th e  a u to th e r m a l  
o p e r a t i o n  o f  an  ammonia s y n t h e s i s  r e a c t o r  (H aber-B osch  P r o c e s s )  
was t h e o r e t i c a l l y  d e m o n s t ra te d  by van H eerden  (20)  i n  1958. In 
A ugust o f  1953 , S la c k ,  A l lg o o d ,  and Maune (2 3 )  d i s c u s s e d  " O p e ra t in g  
Problem s i n  Ammonia S y n th e s i s "  fo r  a  T .V.A. p l a n t  a t  th e  4 5 th  
A nnual AIChE C o nven tion  in  C le v e le n d ,  O hio . One o f  th e  p rob lem s 
d i s c u s s e d  was r e l a t e d  to  th e  o p e r a t i o n  o f  th e  c o n v e r t e r  c a t a l y s t  
bed below  900°F. The a u th o r s  n o te d  t h a t  w h i le  o p e r a t i n g  n e a r  900°F , 
s l i g h t  v a r i a t i o n s  i n  th e  p r o c e s s  v a r i a b l e s ,  e . g . ,  h y d r o g e n - to -  
n i t r o g e n  r a t i o ,  had no a p p r e c i a b l e  e f f e c t  on th e  r e a c t o r .  Small 
p e r t u r b a t i o n s  i n  th e  i n l e t  c o n d i t i o n s  o f  th e  c o n v e r t e r  s im p ly  cau sed  
th e " h o t  p o i n t " i n  th e  c a t a l y s t  bed  t o  move a  l i t t l e  n e a r e r  t h e
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r e a c t o r  I n l e t .  However, when th e  r e a c t o r  was o p e r a t e d  below  900°F , 
th e  same p e r t u r b a t i o n s  In  th e  I n l e t  c o n d i t i o n s  would ca u se  th e  
r e a c t i o n  to  " b lo w -o u t"  ( e x t i n g u i s h ) .  They r e l a t e d  t h a t  th e  c a t a l y s t  
te m p e ra tu re  r a p i d l y  d e c re a s e d  and th e  p r o d u c t i o n  l e v e l  was d r a s t i ­
c a l l y  re d u c e d .  G e n e ra l  " r e - t u n i n g "  o f  th e  r e a c t o r  was r e q u i r e d  to  
b r i n g  th e  u n i t  back  to  a  r e a s o n a b le  p r o d u c t io n  l e v e l .  The a u t h o r s  
em phasized  t h a t  f o r  t h i s  r e a s o n  th e  te m p e r a tu r e  must be k e p t  h igh  
enough to  c u s h io n  th e  e f f e c t  o f  m inor changes  i n  p r o c e s s  c o n d i t i o n s .
In  1967, Shah (2 4 )  was s i m u l a t i n g  t h e  ammonia s y n t h e s i s  r e ­
a c t o r  f o r  c o n t r o l  p u r p o s e s .  I n  p e r fo rm in g  h i s  a n a l y s i s ,  he commented 
on th e  o p e r a t i n g  p rob lem s d i s c u s s e d  by S la c k ,  e t  a l .  (2 3 ) .  Shah 
co n c lu d ed  t h a t  S la c k  e t  a l .  were t r y i n g  to  o p e r a t e  th e  ammonia 
c o n v e r t e r  a t  w hat van  H eerden  (2 0 )  d e s c r ib e d  a s  an  i g n i t i o n  p o i n t  
o r  u n s t a b l e  o p e r a t i n g  l e v e l  i l l u s t r a t e d  by p o i n t  2 in  F ig u re  1 -1 .
In  F ig u r e  1 - 1 ,  c u rv e  A i s  th e  h e a t  g e n e r a t i o n  cu rv e  and c u rv e  B 
i s  t h e  h e a t  consum ption  c u r v e .  When h e a t  g e n e r a t i o n  e q u a l s  h e a t  
con su m p tio n ,  a s  i t  does  a t  p o i n t s  1, 2 ,  and 3 ,  a  s te a d y  s t a t e  
o p e r a t i n g  p o i n t  e x i s t s .  However, th e  i n t e r m e d i a t e ,  even num bered , 
s t e a d y  s t a t e  h as  been  shown to  be u n s t a b l e  even  to  s l i g h t  u p s e t s .
T h is  was o b se rv e d  by S la c k  e t  a l .  e x p e r i m e n t a l l y .
R. B. Root (25 )  t h e o r e t i c a l l y  p r e d i c t e d  th e  o c c u r r e n c e  o f  t h r e e  
s te a d y  s t a t e s  and f u r th e rm o re  p r e d i c t e d  th e  i n s t a b i l i t y  o f  th e  
in t e r m e d i a t e  s t e a d y  s t a t e  f o r  h i s  a d i a b a t i c  loop  r e a c t o r .  The 
r e a c t i o n  s t u d i e d  was th e  o x i d a t i o n  o f  sodium t h i o s u l p h a t e  to  sodium 
s u lp h a t e  w i th  hydrogen  p e r i o x i d e .  T h is  r e a c t i o n  i s  used  to  p roduce  
a r c h i v a l  q u a l i t y  p h o to g ra p h ic  p r i n t s  by I n s u r i n g  com ple te  rem oval 
o f  t h e  p h o to g ra p h ic  "hypo" (sod ium  t h i o s u l p h a t e )  from th e  p r i n t  p a p e r .
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T em pera tu re
A u to th e rm a l  Ammonia S y n th e s i s  R e a c to r  
Perfo rm ance  As a  F u n c t io n  o f  T em pera tu re
From Shah (24)
FIGURE 1-1
A f t e r  p r e d i c t i n g  a  t r i p l i c a t e  o f  s te a d y  s t a t e s ,  Root e x p e r i m e n t a l l y  
d e m o n s t ra te d  them. He was a l s o  a b l e  t o  d e m o n s t r a te  th e  i n s t a b i l i t y  
o f  th e  in t e r m e d i a t e  s t e a d y  s t a t e .
D. S t a b i l i t y  o f  S tea d y  S t a t e s  i n  Chem ical R e a c t in g  System s
As i t  w i l l  be used  h e r e ,  th e  s t a b i l i t y  o f  s te a d y  s ta te* ,  in  ■> 
c h e m ic a l  r e a c t i n g  sy s tem  im p l ie s  t h a t  a p e r t u r b a t i o n  i n  one o r  a ] 1 
o f  th e  i n l e t  c o n d i t i o n s  o f  th e  r e a c t o r  does n o t  l e a d  to  a  new s te a d y  
s t a t e ,  o r  a run-aw ay c o n d i t i o n .  I f  we a r e  d e a l i n g  w i th  m u l t i p l e  
s te a d y  s t a t e s  a s  i l l u s t r a t e d  i n  F ig u r e  1 - 1 ,  i t  i s  c l e a r  t h a t  th e  
sy stem  must be a b l e  t o  p a s s  from one t o  a n o t h e r  o f  th e  t h r e e  s t e a d y  
s t a t e s  shown. In d e e d ,  t h e r e  must be a  f i n i t e  r e g io n  o f  s t a b i l i t y  
o f  th e  i n l e t  boundary  c o n d i t i o n s .  I f  a boundary  c o n d i t i o n  i s  
p e r t u r b e d  o u t s id e  t h i s  r e g i o n  o f  s t a b i l i t y ,  th e  sy s tem  w i l l  n o t  
r e t u r n  to  th e  o r i g i n a l  s t e a d y  s t a t e ,  b u t  i n s t e a d ,  w i l l  assume one 
o f  th e  o t h e r  s t a b l e  s t e a d y  s t a t e s  a s  t im e  p r o c e e d s .  As h a s  been 
p r e v i o u s l y  documented ( 4 , 5 , 6 , 7 , 8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 5 , 1 6 , 1 7 , 1 8 , 1 9 ,  
2 0 , 2 1 ,2 2 , 2 7 ,2 8 ) ,  even numbered s te a d y  s t a t e s  n o rm a l ly  have an 
i n f i n i t e s i m a l l y  sm a l l  r e g io n  o f  s t a b i l i t y ,  and t h u s ,  a r e  s a i d  
to  be u n s t a b l e .
L ik e w is e ,  i f  t h e  d e s ig n  model o f  a r e a c t o r  s y s te m  p r e d i c t s  a 
u n iq u e  s te a d y  s t a t e ,  th e  s t a b i l i t y  o f  t h a t  s t a t e  i s  o f  m a jo r  co n ce rn  
to  th e  d e s ig n  e n g i n e e r .  A s t a b i l i t y  a n a l y s i s  t h e r e f o r e  p e r m i t s  him 
to  d e te rm in e  i f  sm a l l  i n i t i a l  c o n d i t i o n  u p s e t s  w i l l  le a d  t o  e r r a t i c  
t r a n s i e n t  b e h a v io r .  B arkelew  (26) p o i n t s  o u t  t h a t  m inor p e r t u r ­
b a t i o n s  i n  the  o p e r a t i n g  v a r i a b l e s  o f  a r e a c t o r  sy s tem  can under  
c e r t a i n  c i rc u m s ta n c e s  i n i t i a t e  a run-away o r  o s c i l l a t o r y  te m p e r a tu r e
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r e s p o n s e .  Both s i t u a t i o n s  a r e  p o t e n t i a l l y  d a n g e ro u s .  In  some c a s e s  
a n  e x p e n s iv e  c a t a l y s t  c h a rg e  may be d e s t r o y e d  o r  p e rh a p s  th e  
r e a c t o r  I t s e l f .  Thus, th e  v a lu e  o f  th e  s t a b i l i t y  a n a l y s i s  c a n n o t  
be o v e r  em p h asized .
T here  have been  a  number o f  p a p e r s  i n  the  l i t e r a t u r e  d e a l i n g  
w i th  s t a b i l i t y  o f  c h e m ic a l  r e a c t i n g  s y s te m s .  In  t h e s e  p u b l i s h e d  w orks, 
th e  t h r e e  d i f f e r e n t  s t a b i l i t y  t e c h n iq u e s  most o f t e n  a p p l i e d  a r e  
d i r e c t  s i m u l a t i o n  o f  th e  t r a n s i e n t  r e s p o n s e  o f  th e  sy s te m , l i n e a r  
s t a b i l i t y  a n a l y s i s ,  and  L iapunov s t a b i l i t y  a n a l y s i s .
1. D i r e c t  S im u la t io n
A d i r e c t  s im u l a t i o n  o f  th e  t r a n s i e n t  ( u n s te a d y  s t a t e )  model 
can  o f t e n  be l a b o r i o u s .  , One p ro c e e d s  by p e r t u r b i n g  one o f  th e  
boundary  c o n d i t i o n s  o f  th e  s t a t e  v a r i a b l e s  from i t s  s te a d y  s t a t e  
v a lu e  and e v a l u a t i n g  th e  sy s tem  r e s p o n s e .  A lthough  t h i s  method 
may be t e d io u s  f o r  a complex m odel, n e v e r t h e l e s s ,  i t  i s  a v a l u a b le  
t o o l  n o t  o n ly  f o r  t r a i n i n g  o p e r a t i o n  p e r s o n n e l  b u t  a l s o  f o r  
p r o v id in g  i n s i g h t  i n t o  th e  p ro c e s s  i t s e l f  t h a t  may n o t  be r e a d i l y  
o b ta in a b le  o th e r w is e .
D i r e c t  s im u l a t i o n  i s  a l s o  a d v a n ta g e o u s  b eca u se  i t  u s u a l l y  
can h an d le  w ith  r e l a t i v e  e a s e  th e  n o n - l i n e a r  e q u a t io n s  which d e s c r ib e  
many models o f  ch e m ic a l  r e a c t i n g  s y s te m s .  M oreover, t h i s  te c h n iq u e  
can be a p p l i e d  to  b o th  d i s t r i b u t e d  and lumped p a r a m e te r  m o d e ls .
At p r e s e n t ,  t h e r e  a r e  no " s im p le "  t e c h n iq u e s  to  d e te rm in e  th e  
s t a b i l i t y  o f  s e t s  o f  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  However,
d i r e c t  s im u l a t i o n  can  m ost o f t e n  be a p p l i e d ;  and u n l e s s  some
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n u m e r ic a l  p roblem  i s  e n c o u n te r e d ,  i t  w i l l  p ro v id e  an  an sw er .
Barkelew  (2 6 )  u sed  d i r e c t  s im u l a t i o n  to  e s t a b l i s h  th e  s t a b i l i t y  
c r i t e r i a  f o r  a  t u b u l a r  r e a c t o r .  From h i s  s t u d i e s ,  r e g io n s  o f  
s t a b i l i t y  f o r  c e r t a i n  d im e n s io n le s s  p a r a m e te r s  w ere e s t a b l i s h e d .
Such d im e n s io n le s s  p a ra m e te r s  a r e  g e n e r a l l y  f u n c t i o n s  o f  the  
therm odynam ics and  c h e m ic a l  k i n e t i c s ,  a s  w e l l  a s  th e  t r a n s p o r t  and 
p h y s i c a l  p r o p e r t i e s  o f  th e  sy s tem .
van  Heerden (20) a l s o  used  d i r e c t  s i m u l a t i o n  to  d e m o n s t r a te  
th e  i n s t a b i l i t y  o f  th e  i n t e r m e d i a t e  s t e a d y  s t a t e s  f o r  t h e  sy s tem s 
he s t u d i e d .  Luss and Amundson (28)  a p p l i e d  d i r e c t  s i m u l a t i o n  t o  
i n v e s t i g a t e  th e  s t e a d y  s t a t e  s t a b i l i t y  o f  an a d i a b a t i c ,  two p h a s e ,  
c o u n t e r c u r r e n t  e x t r a c t i v e  t u b u l a r  r e a c t o r .  The a u th o r s  found t h i s  
te c h n iq u e  s u p e r i o r  to  a  method b ased  on r e d u c t i o n  o f  t h e  d i s t r i b u t e d  
model t o  a  lumped model t o  w hich l i n e a r  s t a b i l i t y  a n a l y s i s  c o u ld  be 
a p p l i e d .  S hean -L iu  L iu  and Amundson ( 5 )  a l s o  u t i l i z e d  d i r e c t  
s im u l a t i o n  t o  a n a ly z e  a n o t h e r  d i s t r i b u t e d  p a ra m e te r  p ro b lem , an  
a d i a b a t i c ,  c a t a l y t i c ,  packed  bed  r e a c t o r .  The model u sed  was 
s i m p l i f i e d  somewhat by th e  f a c t  t h a t  mass and h e a t  t r a n s f e r  
r e s i s t a n c e s  w ere combined a t  t h e  c a t a l y s t  s u r f a c e .  O th e r  exam ples 
o f  th e  a p p l i c a t i o n  o f  d i r e c t  s im u l a t i o n  to  d i s t r i b u t e d  p a r a m e te r  
p rob lem s a r e  th e  s t u d i e s  o f  Raymond a n d  Amundson (7 )  f o r  the  t u b u l a r  
r e a c t o r  w ith  a x i a l  d i f f u s i o n  o f  m ass, and  th e  work o f  L iu  and 
Amundson (6 )  f o r  th e  a d i a b a t i c  packed  bed  r e a c t o r  w ith  a x i a l  
c o n d u c t io n  o f  h e a t  and a x i a l  d i f f u s i o n  o f  m ass.
In  summary, th e  b e n e f i t s  o f  d i r e c t  s im u l a t i o n  a s  a  means o f  
s t a b i l i t y  a n a l y s i s  a r e :
( i )  The te c h n iq u e  i s  s im p le  r e l a t i v e  t o  t h e  o t h e r  
means a v a i l a b l e .
( i i )  I t  c an  be a p p l i e d  e q u a l ly  w e l l  t o  lumped o r  
d i s t r i b u t e d  p a ra m e te r  p ro b lem s .
( i i i )  The sy s tem  t r a n s i e n t  r e s p o n s e  i s  a  s o u rc e  o f  u s e f u l  
d e s ig n  in f o r m a t io n .
The m a jo r  d i s a d v a n ta g e  o f  t h i s  method i s  t h a t  th e  p ro c e d u re  
may become l a b o r i o u s .  However, a t  p r e s e n t ,  t h e r e  a r e  no s im p le  
m ethods f o r  complex d i s t r i b u t e d  p a ra m e te r  p ro b le m s .
2 . L in e a r  S t a b i l i t y  A n a ly s i s
L in e a r  s t a b i l i t y  g e n e r a l l y  i s  o n ly  a p p l i c a b l e  to  s e t s  o f  l i n e a r  
o r d in a r y  d i f f e r e n t i a l  e q u a t i o n s .  The two c l a s s i c a l  m ethods o f  
l i n e a r  s t a b i l i t y  a n a l y s i s  a r e  th e  R ou th -H urw itz  c r i t e r i o n  (30 ) 
and  th e  N y q u is t  c r i t e r i o n  ( 3 1 ) .  The u n d e r ly in g  p r i n c i p l e  o f  b o th  
m ethods i s  th e  n e c e s s a r y  and  s u f f i c i e n t  c o n d i t i o n  t h a t  no e ig e n v a lu e  
o f  th e  c h a r a c t e r i s t i c  e q u a t io n  o f  th e  l i n e a r  p rob lem
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h av e  a p o s i t i v e  r e a l  p a r t .  I f  t h i s  c o n d i t i o n  i s  m e t,  a l th o u g h  
t h e  t r a n s i e n t  s o l u t i o n  may o s c i l l a t e ,  i t  w i l l  be s t a b l e .
S ince  th e  n o n - i s o th e r m a l  m odels  o f  c h em ica l  r e a c t i n g  sys tem s 
a r e  alw ays n o n l i n e a r ,  a  l i n e a r  s t a b i l i t y  a n a l y s i s  has l i m i t e d  a p ­
p l i c a b i l i t y  even f o r  th e  lumped p a ra m e te r  c a s e .  In  o r d e r  to  a p p ly  
t h i s  t e c h n iq u e ,  one must assume t h a t  th e  model can  be l i n e a r i z e d  
a b o u t  th e  s te a d y  s t a t e  o f  i n t e r e s t  and s t i l l  a d e q u a te ly  d e s c r ib e  
t h e  s y s t e m 's  te m p o ra l  r e s p o n s e .  For r e l a t i v e l y  sm a l l  p u l s e  
p e r t u r b a t i o n s ,  th e  a s su m p tio n  i s  good . However, a s  th e  u p s e t s  
become l a r g e ,  t h i s  m ethodology becomes d u b io u s .
L in e a r  s t a b i l i t y  a n a l y s i s  has  been  a p p l i e d  to  s e v e r a l  lumped 
p a ra m e te r  p rob lem s i n  th e  l i t e r a t u r e .  Schm itz  and Amundson (13)  
u t i l i z e d  i t  t o  s tu d y  s t a b i l i t y  and c o n t r o l  i n  tw o-phase  c o n t in u o u s  
s t i r r e d  ta n k  r e a c t o r s .  T h e i r  model c o n s i s t e d  o f  an  i d e a l  backmix 
r e a c t o r  w ith  i n t e r f a c i a l  h e a t  and mass t r a n s f e r  betw een th e  two 
i n m i s i c i b l e  f l u i d  p h a s e s .  They d e m o n s t ra te d  th e  i n s t a b i l i t y  o f  
t h e  i n t e r m e d i a t e  s t e a d y  s t a t e  o f  a t r i p l i c a t e  f o r  t h i s  sy s tem , 
an d  th e  s t a b i l i t y  o f  th e  o t h e r  s t a t e s .  Luss and  Amundson (10) 
a p p l i e d  t h i s  t e c h n iq u e  to  a  lumped p a ra m e te r  model o f  a  b a tch  
c a t a l y t i c  f l u i d i z e d  b ed .  T h e i r  model c o n s i s t e d  o f  a g as  phase  and 
a  c a t a l y s t  p h ase  i n  backm ix f lo w . Two c a s e s  h a v in g  m u l t i p l e  s te a d y  
s t a t e  s o l u t i o n s  w ere s t u d i e d .  In  b o th  c a s e s , t h e  i n s t a b i l i t y  o f  th e  
i n t e r m e d i a t e  s te a d y  s t a t e  and  th e  s t a b i l i t y  o f  th e  o t h e r s  were 
e s t a b l i s h e d .
T here  a r e  a  few exam ples  o f  th e  a p p l i c a t i o n  o f  l i n e a r  s t a b i l i t y  
a n a l y s i s  to  d i s t r i b u t e d  p a r a m e te r  p rob lem s i n  th e  l i t e r a t u r e .
L uss  and Amundson (2 8 )  d e v i s e d  a  scheme f o r  th e  s t a b i l i t y  a n a l y s i s  
o f  an  a d i a b a t i c ,  tw o -p h a s e ,  c o u n t e r c u r r e n t ,  e x t r a c t i v e  t u b u l a r  
r e a c t o r .  The scheme in v o lv e d  r e d u c t i o n  o f  th e  d i s t r i b u t e d  p a ra m e te r  
p rob lem  to  a s e t  o f  o r d i n a r y  d i f f e r e n t i a l  e q u a t io n s  by a p p ro x im a t in g  
s p a t i a l  g r a d i e n t s  w i th  f i n i t e  d i f f e r e n c e  e x p r e s s i o n s .  They found 
t h a t  th e  com puter t im e  r e q u i r e d  to  s o lv e  th e  l i n e a r i z e d ,  f i n i t e  
d i f f e r e n c e  p rob lem  was c o n s i d e r a b l y  g r e a t e r  th a n  th e  t im e  r e q u i r e d  
f o r  d i r e c t  s i m u l a t i o n .  T h e r e f o r e ,  th e y  e l e c t e d  to  s tu d y  s t a b i l i t y  
by d i r e c t  s i m u l a t i o n .
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W inegardner  and Schm itz  (3 2 )  p r e s e n t e d  an  u n u s u a l  a p p l i c a t i o n  
o f  l i n e a r  s t a b i l i t y  a n a l y s i s  and  c l a s s i c a l  s e p a r a t i o n  o f  v a r i a b l e s  
t o  d e te rm in e  th e  s t a b i l i t y  o f  th e  d i s t r i b u t e d  p a ra m e te r  p rob lem  
d e s c r i b i n g  a  c h e m ic a l  r e a c t i o n  on th e  e x t e r n a l  s u r f a c e  o f  a s i n g l e  
s p h e r i c a l  p a r t i c l e  i n  s t a g n a n t  s u r r o u n d in g s .  The n o n - l i n e a r i t i e s  
o f  th e  r a t e  e x p r e s s io n  were lumped a t  th e  c a t a l y s t  s u r f a c e  a s  a 
boundary  c o n d i t i o n ,  and  t h e i r  model th e n  d e s c r ib e d  th e  f l u i d  phase  
s u r ro u n d in g  th e  c a t a l y s t .  The boundary  c o n d i t i o n s  were l i n e a r i z e d  
by a  f i r s t  d e g re e  T a y lo r  s e r i e s .  The s o l u t i o n  o f  th e  model was 
o b t a i n e d  by c l a s s i c a l  s e p a r a t i o n  o f  v a r i a b l e s .  The s t a b i l i t y  o f  
th e  p rob lem  i s  th u s  d ep en d e n t on th e  s i g n  o f  th e  r e a l  p a r t  o f  th e  
e i g e n v a lu e s  o f  th e  te m p o ra l  p a r t  o f  th e  a n a l y t i c a l  s o l u t i o n .  The 
a u t h o r s  th e n  r e l a t e d  t h e s e  e i g e n v a lu e s  t o  th e  l i n e a r i z e d  boundary  
c o n d i t i o n s  t h a t  d e s c r i b e  r e a c t i o n  w i t h i n  th e  c a t a l y s t  p e l l e t .
S in c e  th e  a n a l y s i s  becomes r a t h e r  m a th e m a t ic a l ly  cumbersome, i t  
i s  d i f f i c u l t  to  s e e  how i t  m igh t be a p p l i e d  to  any p rob lem  o t h e r  
th a n  r e a c t i o n  a t  th e  s u r f a c e  o f  a  s i n g l e  c a t a l y s t  p a r t i c l e .
3 .  L iapunov  S t a b i l i t y  A n a ly s i s
The t h i r d  t e c h n iq u e  t h a t  h as  been  u sed  t o  s tu d y  s t a b i l i t y  i s  
due t o  th e  work o f  L iapunov . A d e t a i l e d  d i s c u s s i o n  o f  t h i s  method 
can  be found i n  t e x t s ,  such  a s ,  S t a t e  F u n c t io n s  and L in e a r  C o n tro l  
System s by S c h u l t z  and  M elsa ( 3 3 ) ,  among o t h e r s .  In  a d d i t i o n ,  two 
e x c e l l e n t  r e v ie w  a r t i c l e s  by G ure l and L ap idus  ( 3 4 ,3 5 )  have a p p e a re d  
i n  th e  ch em ica l  e n g i n e e r in g  l i t e r a t u r e .
L ia p u n o v 's  d i r e c t  method o f  s t a b i l i t y  a n a l y s i s  can  be used  to  
p rove  t h e  s t a b i l i t y  o f  t h e  sy s te m  o f  o r d i n a r y  d i f f e r e n t i a l  e q u a t io n s
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The v e c t o r  o f  f u n c t i o n s  o f  th e  s t a t e  v a r i a b l e s ,  f ,  can  be l i n e a r
o r  n o n l i n e a r .  Two l e v e l s  o f  s t a b i l i t y  can  be d e f in e d  f o r  th e  
sy s tem  g iv e n  by E q u a t io n  (1 -2 ) ,,  a s y m p to t ic  s t a b i l i t y  and g lo b a l  
a s y m p to t ic  s t a b i l i t y .  The s t a t e  v a r i a b l e  v e c t o r ,  x ,  i s  d e f in e d  a s  
a n  in c r e m e n ta l  v e c t o r  i n  th e  s t a t e  v a r i a b l e s ,  i . e . ,
w here th e  s u b s c r i p t  s s  i n d i c a t e s  th e  s t e a d y  s t a t e  v a lu e  o f  th e  
v a r i a b l e  x ^ .  A sy m p to tic  s t a b i l i t y  im p l ie s  t h a t  any  t r a j e c t o r y  o f  
th e  sy stem  o f  E q u a t i o n ( 1 - 2 )  o r i g i n a t i n g  w i t h i n  a f i n i t e  s p h e re  in  
t h e  s t a t e  v a r i a b l e  s p a c e ,  x ,  w i l l  rem a in  i n  t h a t  s p h e re  and w i l l  
ap p ro ach  th e  o r i g i n  o f  x a s  t im e a p p ro a c h e s  i n f i n i t y .  G loba l 
a s y m p to t ic  s t a b i l i t y  im p l i e s  t h a t  t r a j e c t o r i e s  e x c i t e d  by p e r t u r ­
b a t i o n s  o f  any m agn itude  w i l l  r e t r m  t o  th e  o r i g i n  o f  th e  s t a t e  
sp a c e  x a s  t im e  a p p ro a c h e s  i n f i n i t y .
To d e te rm in e  th e  a s y m p to t ic  o r  g lo b a l  a s y m p to t i c  s t a b i l i t y  o f  
E q u a t io n  ( 1 - 2 ) ,one g e n e r a t e s  a  p o s i t i v e  d e f i n i t e  s c a l a r  f u n c t i o n  o f  
th e  s t a t e  v a r i a b l e s ,  V (x ) , c a l l e d  th e  L iapunov  f u n c t i o n .  The 
s t a b i l i t y  o f  t h e  sy s tem  has  been  d e m o n s t r a te d  i f  one can th e n  show 
t h a t  th e  L iapunov  f u n c t i o n  chosen  has  th e  p r o p e r t i e s  s t i p u l a t e d  in  
one o f  th e  theorem s be low .
x x1 1 , s s
X ( 1 - 3 )
a * A sy m p to tic  S t a b i l i t y :
" I f  t h e r e  e x i s t s  a  r e a l  s c a l a r  f u n c t i o n ,  V(x) , w i th  
c o n t in u o u s  f i r s t  p a r t i a l s ,  such  t h a t
( 1 ) .  V(0) = 0 ,
( 2 ) .  V(x) >  0 f o r  x ^ 0 ,
( 3 >* ^ 0^  <  0  f o r  x ^ 0 , 
t h e n ,  E q u a t io n  ( 1 - 2 )  i s  s t a b l e  i n  t h e  n e ig h b o rh o o d  o f  th e  
o r i g i n  o f  th e  s t a t e  s p a c e . "  
b .  G lo b a l  A sy m p to t ic  S t a b i l i t y :
" I f  t h e r e  e x i s t s  a  r e a l  s c a l a r  f u n c t i o n , V ( x ) ,
w i th  c o n t in u o u s  f i r s t  p a r t i a l s  such t h a t :
( 1 ) .  v(6)  = o,
( 2 ) # V(x) >  0 f o r  x j* 0 ,
(3 )  . V(x) -* 00 a s  ||x|| -*
v '  • d9 ’
(5 )  , — j j p  4  0 f o r  any t r a j e c t o r y  o f  th e  sy s temdV(x) dO
o t h e r  th a n  th e  o r i g i n ,  th e n  E q u a t io n  ( 1 - 2 )  i s  g l o b a l l y  
a s y m p t o t i c a l l y  s t a b l e . "
With t h i s  b r i e f  i n t r o d u c t i o n ,  one can  u n d e r s t a n d  some o f  th e  
d i f f i c u l t i e s  a s s o c i a t e d  w i th  Liapunov s t a b i l i t y  a n a l y s i s .  The 
c h o ic e  o f  th e  Liapunov f u n c t i o n  i s  c o m p le te ly  a r b i t r a r y .  T h e r e f o r e ,  
th e  r e g io n  o f  s t a b i l i t y  t h a t  i s  lo c a te d  i s  t o t a l l y  depen d en t on 
th e  c h o ic e  o f  V(x) t h a t  i s  made. The r e s u l t  i s  t h a t  th e  
r e g io n  o f  s t a b i l i t y  t h a t  i s  l o c a t e d  may be e x t re m e ly  c o n s e r v a t i v e .  
However, i t  i s  p o s s i b l e  t h a t  a n o th e r  V(x) m igh t g iv e  r i s e  t o  a
much g r e a t e r  r e g io n  o f  s t a b i l i t y .  Most o f  th e  s t u d i e s  i n  th e  
l i t e r a t u r e  d e a l in g  w i th  s t a b i l i t y  o f  lumped p a r a m e te r  sy s tem s  by
u s e  o f  L ia p u n o v 's  method have u sed  a  q u a d r a t i c  form  f o r  th e  L iapunov
f u n c t i o n ,  V (x ) , e . g . ,
V(x) ® xT R x ( 1 - 4 )
U n f o r t u n a t e l y ,  i f  th e  above m e n tio n ed  p r o p e r t i e s  ca n n o t  be 
d e m o n s t ra te d  f o r  th e  ch o sen  V (x ) ,  no c o n c lu s io n  can  be drawn r e ­
g a r d in g  th e  s t a b i l i t y  o f  t h e  s t e a d y  s t a t e  ( 3 5 ) .  Thus, one must 
r e s t r i c t  h i s  s e l e c t i o n  o f  L iapunov f u n c t i o n s  to  forms t h a t  a r e  
s u f f i c i e n t l y  m a th e m a t ic a l ly  t r a c t a b l e  so i t  can  be shown t h a t  
t h e  f u n c t i o n  does s a t i s f y  th e  r e q u i r e m e n t s  o f  th e  theorem s p r e s e n t e d  
a b o v e .
The t e c h n iq u e  a s  d e s c r i b e d  by L iapunov, i n  a  p r a c t i c a l  s e n s e  i s  
o n ly  a p p l i c a b l e  t o  lumped p a ra m e te r  s y s te m s .  However, th e  
t e c h n iq u e  has  been  e x te n d e d  t o  s tu d y  a  few d i s t r i b u t e d  p a r a m e te r  
p ro b lem s .  The d i s t r i b u t e d  p a ra m e te r  c a se  i s  q u i t e  com plex, and 
no g e n e r a l l y  a p p l i c a b l e  ap p ro a c h  h a s  a p p e a re d  in  th e  l i t e r a t u r e .
T here  a r e  a  few exam ples  i n  th e  l i t e r a t u r e  o f  th e  use  o f  
L ia p u n o v 's  method to  s tu d y  th e  s t a b i l i t y  o f  lumped p a ra m e te r  m odels 
o f  ch em ica l  r e a c t i n g  s y s te m s .  Warden, A r i s ,  and Amundson (3 6 ,3 7 )  were 
th e  f i r s t  t o  a p p ly  L ia p u n o v 's  d i r e c t  method t o  a r e a c t o r  p ro b lem .
They i n v e s t i g a t e d  th e  s t a b i l i t y  o f  th e  s te a d y  s t a t e s  a v a i l a b l e  t o  
a  f i r s t  o r d e r  n o n - i s o th e r m a l  r e a c t i o n  o c c u r r i n g  in  an i d e a l  backm ix 
r e a c t o r  and to  a  second  o r d e r  i s o th e r m a l  r e a c t i o n  in  a  c o n t in u o u s  
s t i r r e d  ta n k  r e a c t o r .  The second  p a p e r  o f  t h e  s e r i e s  a p p l i e d  
th e  same te c h n iq u e s  to  t h e  c a s e  o f  a  f i r s t  o r d e r  i r r e v e r s i b l e
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r e a c t i o n  c a r r i e d  o u t  i n  a  c o n t in u o u s  s t i r r e d  ta n k  r e a c t o r .  The 
a u t h o r s  c o n s t r u c t e d  L iapunov  f u n c t i o n s  i n  te rm s  o f  th e  s t a t e  
v a r i a b l e s  te m p e ra tu r e  and  c o n c e n t r a t i o n  f o r  eac h  o f  th e  t h r e e  c a s e s .  
They th e n  showed t h a t  th e  s e l e c t e d  Liapunov f u n c t i o n s  p o s s e s s e d  th e  
r e q u i r e d  p r o p e r t i e s .
B e rg e r  and P e r l m u t t e r  (3 8 )  a l s o  s t u d i e d  s t a b i l i t y  in  a s t i r r e d  
t a n k  r e a c t o r  u s in g  L ia p u n o v 's  m ethod. They c o n s t r u c t e d  a L iapunov 
f u n c t i o n  o f  th e  form
and  a p p l i e d  a  theorem  due to  K r a s o v s k i i  w hich i s  g iv e n  in  th e  
r e f e r e n c e  ( 3 8 ) .  T h is  sy s tem  a l s o  in v o lv e d  on ly  two s t a t e
v a r i a b l e s ,  v i z .  t e m p e ra tu r e  and c o n c e n t r a t i o n  o f  th e  homogeneous
l i q u i d  p h a s e .  K r a s v o s k i i ' s  Theorem a p p l i e s  t o  a c l a s s  o f  n o n l i n e a r
sy s tem s  o f  e q u a t io n s  w hich a r e  o f  th e  g e n e r a l  form:
The a u t h o r s  l o c a t e d  th e  r e g io n  o f  s t a b i l i t y  i n  th e  s t a t e  v a r i a b l e s  
by i d e n t i f y i n g  th e  r e g io n  in  t h e  s t a t e  v a r i a b l e s  f o r  w hich V(x) 
had th e  p r o p e r t i e s  r e q u i r e d  by K r a s v o s k i i ' s  Theorem. However, the  
theorem  does n o t  s t a t e  t h a t  t h e  sy stem  i s  n e c e s s a r i l y  u n s t a b l e  o u t s i d e  
t h i s  r e g io n .
Luecke and McGuire (39)  l i k e w is e  a p p l i e d  K r a s o v s k i i ' s  Theorem 
t o  t h e  i d e a l  backmix r e a c t o r .  They u se d  th e  same type  o f  L iapunov 
f u n c t i o n .  However, th e y  p r e s e n t e d  a  method f o r  f i n d i n g  the  l a r g e s t  
r e g io n  o f  s t a b i l i t y  d e f in e d  by E q u a t io n  (1 -5 ) .  They co n c lu d ed  t h a t  
t h i s  Liapunov f u n c t i o n  g iv e s  a c o n s e r v a t i v e  e s t i m a t e  o f  the  r e g io n
V(x) ( 1 - 5 ;
x f ( x ) ,  f tO )  = 0 ( 1- 6 )
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o f  s t a b i l i t y .  Thus, i t  becomes im p o r ta n t  t h a t  th e  u s e r  s e a r c h  
f o r  t h e  p a r t i c u l a r  L iapunov  f u n c t i o n  t h a t  y i e l d s  th e  l a r g e s t  r e g io n  
o f  a s y m p to t i c  s t a b i l i t y .
B e rg e r  and  L ap idus  (4 0 )  a p p l i e d  K r a s o v s k i i ' s  Theorem and  f u n c ­
t i o n  t o  a  s e r i a l  ta n k  sys tem  r e p r e s e n t i n g  th e  a d i a b a t i c  t u b u l a r  
r e a c t o r .  B e rg e r  and L ap id u s  u sed  a  K r a s o v s k i i - t y p e  L iapunov f u n c t i o n  
t o  l o c a t e  th e  l a r g e s t  r e g io n  o f  a s y m p to t ic  s t a b i l i t y  by p e r fo rm in g  
a  g e o m e tr ic  m u l t i - d i m e n s io n a l  s e a r c h .  They used th e  F l e t c h e r -  
Pow ell  (4 7 )  m in im iz a t io n  te c h n iq u e  to  n u m e r i c a l ly  l o c a t e  th e  maximum 
tim e  d e r i v a t i v e  o f  th e  L iapunov f u n c t i o n ,  V (x),  on th e  c lo s e d  L iapunov  
h y p e r s p a c e .  The f i r s t  example exam ined was th e  c l a s s i c a l  CSTR w i th  
h e a t  t r a n s f e r  a c r o s s  a  j a c k e t .  T h is  p rob lem  in v o lv e d  on ly  two 
s t a t e  v a r i a b l e s ,  t e m p e r a tu r e  and c o n c e n t r a t i o n .  The second exam ple 
in v o lv e d  a  sy s tem  o f  t h r e e  CSTR*s i n  s e r i e s .  Each CSTR had two 
s t a t e  v a r i a b l e s ,  th u s  th e  p rob lem  o f  t h r e e  ta n k s  i n  s e r i e s  in v o lv e d  
a  s e a r c h  b a s e d  upon s i x  s t a t e  v a r i a b l e s .  F i n a l l y ,  th e y  c o n s id e r e d  
s i x t e e n  CSTR's i n  s e r i e s  a p p ly in g  t h e i r  method t o  th e  t h i r t y - t w o  
s t a t e  v a r i a b l e s .
T here  a r e  a  few r e p o r t s  i n  th e  l i t e r a t u r e  d e a l i n g  w ith  th e  a p ­
p l i c a t i o n  o f  L ia p u n o v 's  d i r e c t  method t o  d i s t r i b u t e d  p a ra m e te r  
p ro b le m s .  Two s p e c i f i c  p rob lem s t h a t  were a n a ly z e d  were th e  
t u b u l a r  r e a c t o r  w i th  a x i a l  d i s p e r s i o n  o f  h e a t  and m ass ,  and the  
c a s e  o f  e x o th e rm ic  r e a c t i o n s  on a  s i n g l e  po rous  c a t a l y s t  p a r t i c l e  
h a v in g  i n t e r n a l  d i f f u s i o n  o f  mass and h e a t  c o n d u c t io n .  The 
s o l u t i o n s  to  t h e s e  p rob lem s a r e  q u i t e  c o m p l ic a te d .  Wei (1 4 )  ex te n d e d  
th e  u se  o f  L ia p u n o v 's  d i r e c t  method to  s tu d y  th e  s t a b i l i t y  o f  th e  
m u l t i p l e  s te a d y  s t a t e s  a v a i l a b l e  to  a  s i n g l e  c a t a l y s t  p a r t i c l e .
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The b a s i c  d i f f e r e n c e  be tw een  th e  L iapunov  f u n c t i o n  o f  a  d i s t r i b u t e d  
p a r a m e te r  model an d  a  lumped p a ra m e te r  model i s  i n f i n i t e  d im e n s io n ­
a l i t y .  T hus , Wei d e f in e d  a  L iapunov  f u n c t i o n ,  v [ x ( z , 9 ] ,  by :
w here x ( z )  i s  t h e  v e c t o r  o f  s te a d y  s t a t e  p r o f i l e s  f o r  th e  s t a t e
S3
v a r i a b l e s .  In  o r d e r  to  s o lv e  t h e  p ro b lem , Wei l i n e a r i z e d  h i s  model
by ex am in in g  th e  e i g e n v a lu e s  o f  th e  l i n e a r  o p e r a t o r  o b t a in e d  by 
l i n e a r i z a t i o n .
N ish im ura  and  M a tsu b a ra  (4 1 )  s t u d i e d  th e  s t a b i l i t y  o f  a  c l a s s  
o f  d i s t r i b u t e d  p a r a m e te r  sy s te m s  d e s c r ib e d  by:
(1 -9 )
where P ( z )  and  Q (z )  a r e  f u n c t i o n s  o f  th e  s p a t i a l  c o - o r d i n a t e  z .  
They th e n  d e f in e d  a  L iapunov f u n c t i o n  o f  t h e  form
U sing Z u b o v 's  m o d i f i c a t i o n  (4 2 )  o f  L ia p u n o v 's  th e o re m s ,  a  n e c e s s a r y  
and s u f f i c i e n t  c o n d i t i o n  f o r  s t a b i l i t y  was o b ta in e d  f o r  E q u a t io n  (1 -9 ) .  
They a p p l i e d  th e  method to  th e  p lu g  f low  r e a c t o r  w i th  a x i a l  
d i s p e r s i o n  o f  mass and h e a t  and to  a s i n g l e  c a t a l y s t  p e l l e t  w ith  
i n t e r n a l  mass and ene rgy  t r a n s p o r t .  Both sy s tem s have o n ly  two s t a t e
( 1- 8 )
a b o u t  x ( z ) .  He th e n  p roved  t h a t  was n e g a t i v e  d e f i n i t e
8 S do
d x ( z ,9 )  _ 5P (z)  d x ( z ,9 ) + 9 P ( z ) -  Q ( z ) x ( Z ,9 )d9 3z dz
( 1- 1 0 )
v a r i a b l e s .
B e rg e r  and  L ap idus  (4 3 )  a l s o  a n a ly z e d  th e  two exam ples above 
u s in g  a  L iapunov f u n c t i o n  o f  th e  form o f  E q u a t io n  (1 -1 0 ) .  The a u t h o r s  
f i r s t  l i n e a r i z e d  th e  model and  th e n  u sed  c e r t a i n  i n e q u a l i t i e s  to  
d e m o n s t ra te  t h a t  th e  tim e d e r i v a t i v e  o f  th e  Liapunov f u n c t i o n a l ,
^ * *S n e 8a t *ve d e f i n i t e .  B e rg e r  and  L ap idus n o te d  t h a t  
th e  p r im ary  d i s a d v a n ta g e  o f  t h i s  method i s  t h a t  th e  L iapunov fu n c ­
t i o n  i s  a r b i t r a r y .  B ecause  o f  t h i s , o n e  must use  a m a n ifo ld  o f  
d i f f e r e n t  L iapunov  f u n c t i o n a l s  in  o r d e r  t o  e s t a b l i s h  th e  l a r g e s t  
r e g io n  o f  s t a b i l i t y .
4 .  O th e r  S t a b i l i t y  S tu d ie s  f o r  Chem ical R e a c t in g  Systems
T here  a r e  a  few s t a b i l i t y  s t u d i e s  i n  th e  l i t e r a t u r e  t h a t  can n o t  
be g rouped  i n  th e  t h r e e  p r e c e e d in g  c l a s s e s .  Kuo and  Amundson (1 5 )  
a n a ly z e d  th e  s t a b i l i t y  o f  th e  s te a d y  s t a t e s  a v a i l a b l e  to  th e  s i n g l e  
p o ro u s  c a t a l y s t  p a r t i c l e  h a v in g  i n t e r n a l  r e s i s t a n c e s  to  h e a t  and mass 
t r a n s p o r t .  U sing th e  th e o ry  o f  e i g e n f u n c t i o n s  on a l i n e a r i z e d  
m odel, th e y  e s t a b l i s h e d  th e  a s y m p to t ic  s t a b i l i t y  o f  the  sy stem  in  
te rm s  o f  th e  s ig n  o f  th e  r e a l  p a r t  o f  th e  e x t r e m a l  e i g e n v a lu e .  A 
v a r i a t i o n a l  method was used  t o  a p p ro x im a te  t h e  e x t re m a l  e i g n e v a lu e .  
Amundson (4 4 )  a p p l i e d  t h i s  method t o  s tu d y  th e  s t a b i l i t y  o f  th e  
a d i a b a t i c  t u b u l a r  r e a c t o r  w ith  a x i a l  d i f f u s i o n .  Because o f  the  
l i n e a r i z a t i o n  perfo rm ed  i n  t h i s  m ethod, th e  a n a l y s i s  was r e s t r i c t e d  
to  sm a l l  p e r t u r b a t i o n s  from th e  s te a d y  s t a t e .  Schm itz  (45) a p p l i e d  
th e  method to  s tu d y  th e  s t a b i l i t y  o f  an  a d i a b a t i c  d i f f u s i o n  flam e 
to  sm a l l  d i s t u r b a n c e s .
Luss and  Amundson (2 7 )  e s t a b l i s h e d  a  s u f f i c i e n t  c o n d i t i o n  
f o r  g lo b a l  s t a b i l i t y  f o r  th e  s te a d y  s t a t e s  i n  a  t u b u l a r  r e a c t o r  w i th  
a x i a l  d i f f u s i o n .  They d e r i v e d . th e  c o n d i t i o n s  f o r  s t a b i l i t y  u s in g  
th e  maximum p r i n c i p l e  f o r  p a r a b o l i c  p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  
l i k e  E q u a t io n  (1 -9 ) .  i n  a l a t e r  p a p e r ,  Luss and Lee (4 6 )  a p p l i e d  th e  
same' s t a b i l i t y  a n a l y s i s  to  th e  c a s e  o f  a  s i n g l e  c a t a l y s t  p a r t i c l e  
w i th  i n t e r n a l  t r a n s p o r t  r e s i s t a n c e s .  The model f o r  t h i s  p rob lem  
i s  o f  th e  form o f  E q u a t io n  (1 -9 ) .  They e s t a b l i s h e d  f i n i t e  r e g io n s  
o f  s t a b i l i t y  f o r  t h i s  p roblem  u s in g  o n ly  a  know ledge o f  th e  s te a d y  
s t a t e  p r o f i l e s .
E. Summary and  O b je c t iv e s
I t  has  been  d e m o n s t ra te d  b o th  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  
t h a t  ch em ica l  r e a c t i n g  system s  can have  more th a n  one s t e a d y  s t a t e  
a v a i l a b l e  t o  them f o r  a  g iv e n  s e t  o f  i n l e t  c o n d i t i o n s .  T h ere  a r e  
a  number o f  t h e o r e t i c a l  s t u d i e s  i n  th e  l i t e r a t u r e  o f  m u l t i p l i c i t y  in  
v a r io u s  ty p e s  o f  r e a c t o r  c o n f i g u r a t i o n s .
Some o f  th e  m u l t i p l e  s te a d y  s t a t e s  t h a t  a r e  a v a i l a b l e  t o  
r e a c t o r  sy stem s  a r e  u n s t a b l e  to  sm a l l  p e r t u r b a t i o n s  o f  th e  i n l e t  
c o n d i t i o n s .  F or  t h i s  r e a s o n ,  i t  i s  e s s e n t i a l  t h a t  each  o f  th e  
a v a i l a b l e  s te a d y  s t a t e s  be s u b je c t e d  t o  a  s t a b i l i t y  a n a l y s i s .
In  a d d i t i o n ,  knowledge o f  th e  s t a b i l i t y  bounds i s  e s s e n t i a l  in  
r e a c t o r  d e s ig n  even f o r  th e  c a s e  o f  a  u n iq u e  s t e a d y  s t a t e .
There a r e  t h r e e  ty p e s  o f  s t a b i l i t y  a n a l y s e s  t h a t  have been 
commonly u sed  i n  th e  l i t e r a t u r e  f o r  ch em ica l  r e a c t i n g  s y s te m s .
They a r e  d i r e c t  s i m u l a t i o n ,  l i n e a r  s t a b i l i t y  a n a l y s i s ,  and 
Liapunov s t a b i l i t y  a n a l y s i s .  In  a d d i t i o n  t o  t h e s e  m e th o d s ,  t h e r e
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have  been  a  few s p e c i a l  t e c h n iq u e s  d e v e lo p e d  f o r  s p e c i f i c  p ro b lem s .
At t h e  p r e s e n t  t im e ,  t h e r e  i s  no s im p le  method o f  s t a b i l i t y  
a n a l y s i s  t h a t  can  be a p p l i e d  to  d i s t r i b u t e d  p a ra m e te r  p ro b le m s .  
However, d i r e c t  s im u l a t i o n  i s  a  te c h n iq u e  t h a t  can  u s u a l l y  be 
a p p l i e d .  I t  d o es  n o t  r e q u i r e  t h a t  th e  p rob lem  be l i n e a r i z e d  and 
a p p l i e s  w e l l  t o  b o th  d i s t r i b u t e d  and lumped p a ra m e te r  p ro b le m s .  I t  
s u f f e r s  from th e  f a c t  t h a t  i t  can  r e q u i r e  s i g n i f i c a n t  am ounts  o f  
com puter  t im e i f  i t  i s  to  y i e l d  a n  e s t i m a t e  o f  th e  r e g io n  o f  
s t a b i l i t y .  L ik e w is e ,  one may f i n d  i t  d i f f i c u l t  t o  f i n d  a  n u m e r ic a l  
s o l u t i o n  t e c h n iq u e  f o r  a r e a s o n a b le  i n t e g r a t i o n  t im e .
The o b j e c t i v e  o f  t h i s  r e s e a r c h  was to  s tu d y  m u l t i p l i c i t y  and 
s te a d y  s t a t e  s t a b i l i t y  i n  g as  f l u i d l z e d  bed r e a c t o r s  u s in g  a more 
r e a l i s t i c  model th a n  used i n  p r e v io u s  w ork. In  o r d e r  to  a c h ie v e  
t h i s  o b j e c t i v e ,  th e  p a r t i c u l a r  c a s e  s e l e c t e d  was th e  b a tc h  g a s  
f l u i d i z e d  bed r e a c t o r  o p e r a t e d  a u t o t h e r m a l l y . A g e n e r a l  p seudo  f i r s t  
o r d e r  c a t a l y t i c  r e a c t i o n  was s e l e c t e d  a s  a  k i n e t i c  ty p e ,  s in c e  
im p o r ta n t  i n d u s t r i a l  gas c a t a l y z e d  r e a c t i o n s  can  o f t e n  be modeled 
t h i s  way. L a t e r ,  i t  w i l l  be seen  t h a t  b e c a u se  o f  th e  c o m p le x i ty  o f  
th e  model d e v e lo p e d  f o r  th e  r e a c t o r ,  d i r e c t  s im u l a t i o n  was chosen  
f o r  th e  s t a b i l i t y  a n a l y s i s .
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CHAPTER I I
MATHEMATICAL MODELS FOR GAS FLUIDIZED BED REACTORS
The fo u r  m ost s tu d i e d  t y p e s  o f  m a th e m a t ic a l  m odels  p ro p o sed  f o r  
g as  f l u i d i z e d  bed r e a c t o r s  a r e  th e  a x i a l  d i s p e r s i o n  m odel,  th e  r e s i d e n s e  
tim e  d i s t r i b u t i o n  m ode l,  th e  two p h a se  m ode l,  and th e  s t o c h a s t i c  
m odel.  Most e f f o r t  r e c e n t l y  h as  been  d i r e c t e d  tow ard  th e  two 
p h ase  m odel, t h e  most s u c c e s s f u l  v e r s i o n  o f  w hich i s  t h e  " b u b b l in g  
bed m odel"  d e v e lo p e d  by L e v e n s p ie l  & K u n ii  ( 3 2 ) .  A lth o u g h  t h i s  
r e s e a r c h  w i l l  e x te n d  th e  work o f  many i n v e s t i g a t o r s ,  we s h a l l  fo cu s  
e s p e c i a l l y  on th e  " b u b b l in g  bed  m odel"  i n  o r d e r  to  d e v e lo p  a com­
p r e h e n s iv e  and r e a l i s t i c  model f o r  th e  gas f l u i d i z e d  bed r e a c t o r  
when o p e r a t i n g  n o n - i s o t h e r m a l l y .
A. E x p e r im e n ta l  O b s e r v a t io n s  on t h e  N a tu re  o f  t h e  Gas Flow P a t t e r n
i n  F l u i d i z e d  Beds
F ig u re  I I - l  d e p i c t s  a t y p i c a l  g a s  f l u i d i z e d  bed r e a c t o r .  The 
i n l e t  gas  e n t e r s  th ro u g h  a n o z z l e  a t  th e  b o t to m  o f  th e  c y l i n d r i c a l  
r e a c t o r  s e c t i o n  and i s  more o r  l e s s  u n i fo rm ly  d i s t r i b u t e d  o v e r  th e  
r e a c t o r  c r o s s - s e c t i o n  by im pingem ent on some ty p e  o f  d i s t r i b u t o r .
I n  t h i s  s e c t i o n , f l u i d i z e d  g as  b u b b le s  a r e  fo rm ed . A t th e  to p  o f  
th e  r e a c t o r , t h e r e  i s  a  s o l i d - g a s  d i s e n g a g in g  s e c t i o n .  In  th e  
b a t c h  gas  f l u i d i z e d  bed  r e a c t o r ,  t h e  ch a rg e  o f  c a t a l y s t  i s  n o t  
c i r c u l a t e d ,  so t h a t  t h e  d i s e n g a g in g  s e c t i o n  i s  d e s ig n e d  t o  a l lo w  
any e n t r a i n e d  s o l i d s  t o  s e t t l e  back  i n t o  t h e  bed .
F ig u re  I I - 2 ,  w hich i s  b a s e d  on S h i r a i ' s  (2 )  work w i th  u n ifo rm ly  
s i z e d  sand  p a r t i c l e s  f l u i d i z e d  by a i r  p r o v id e s  some u n d e r s t a n d i n g  o f
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g as  f l u i d i z e d  bed  h y d r a u l i c s .  Curve I  shows th e  change o f  p r e s s u r e
d r o p ,  AP, w i th  a  change i n  th e  i n l e t  g as  v e l o c i t y  i n  f i x e d  b e d s .
A t th e  minimum f l u i d l z a t i o n  v e l o c i t y ,  th e  v o id a g e  o f  th e  bed
su d d e n ly  i n c r e a s e s  from € t o  € th e  v o id a g e  o f  the  f l u i d i z e dm mr
bed  a t  i n c i p i e n t  f l u i d l z a t i o n .  P h y s i c a l l y , th e  p a r t i c l e s  seem to  
f l o a t  and th e  p r e s s u r e  d ro p  f a l l s  t o  a  v a l u e  a p p ro x im a te ly  e q u a l  
t o  t h e  s t a t i c  p r e s s u r e  o f  th e  b ed .  As th e  i n l e t  v e l o c i t y ,  u q , 
i n c r e a s e s  beyond u th e  bed  expands from th e  h e i g h t  L ^ a n d  gas  
b u b b le s  r i s e  th ro u g h  a  d en se  em u ls io n  p h a s e .  D e s p i te  th e  in c r e a s e d  
f lo w  r a t e , t h e  p r e s s u r e  d r o p ,  AP, i s  p r a c t i c a l l y  unchanged .  T h is  l a c k  
o f  s e n s i t i v i t y  o f  p r e s s u r e  d ro p  to  f lo w  r a t e  i n  th e  f l u i d i z e d  bed 
o c c u r s  b e c a u se  th e  dense  e m u ls io n  p h ase  b e h a v e s ,  h y d ro d y n a m ic a l ly , 
a s  a  low v i s c o s i t y  l i q u i d .  In  c o m p a r is o n ,  th e  p r e s s u r e  r e q u i r e d  t o  
i n j e c t  a  gas  i n t o  a  ta n k  o f  l i q u i d  i s  a p p ro x im a te ly  e q u a l  t o  th e  
h e i g h t  o f  th e  head o f  l i q u i d  and i s  r e l a t i v e l y  in d e p e n d e n t  o f  th e  
f lo w  r a t e .  By a n a lo g y ,  t h i s  i s  th e  b e h a v io r  o b se rv e d  f o r  f l u i d i z e d  
b e d s .
Rowe e t  a l .  ( 2 0 ,2 1 ) ,  and  R e u te r  (2 2 )  have  in d e p e n d e n t ly  made 
h ig h  speed  p h o to g ra p h s  o f  g as  f l u i d i z e d  b ed s  showing t h e  e x i s t e n c e  
o f  r i s i n g  b u b b le s  th ro u g h  a  d en se  p h a s e .  By o b s e rv in g  b u b b le s  o£ 
n i t r o u s  o x id e  r i s i n g  i n  f l u i d i z e d  beds ,R ow e, e t  a l .  1 21) v e r i f i e d  
th e  e x i s t e n c e  o f  a  c lo u d  r e g i o n  s u r r o u n d in g  th e  r i s i n g  b u b b le s  
( s e e  F ig u re  I I - 4 )  which c o u ld  be d i s t i n g u i s h e d  from  th e  b u b b le  gas  
o r  th e  s u r ro u n d in g  d e n s e r  p h a s e .  T y p i c a l l y ,  th e  b u b b le s  have a 
s p h e r i c a l  cap  and a  t r a i l i n g  t u r b u l e n t  wake w here th e  d e n s e r  c lo u d  
m a t e r i a l  i s  exchanged  w i th  t h e  d en se  p h a se  o f  th e  bed .
T h ree  d i f f e r e n t  i n v e s t i g a t o r s  ( 3 9 ,4 0 ,4 1 )  have  e x p e r i m e n t a l l y  
m easured  a  s o l i d s  c o n t e n t ,  r a n g in g  from 0 .2  to  1% o f  th e  t o t a l  s o l i d s  
i n  th e  b e d ,  w i th i n  th e  r i s i n g  b u b b le s  o f  g a s .  The r e m a in d e r  o f  th e  
s o l i d s  a r e  u n ifo rm ly  d i s t r i b u t e d  in  th e  c loud  r e g io n  and th e  em u ls io n  
p h a s e .  L e v e n s p ie l  & K u n ii  (32 )  have  shown t h a t  th e  p r e s e n c e  o f  t h i s  
sm a l l  amount o f  c a t a l y s t  p la y s  a s i g n i f i c a n t  r o l e  in  th e  i n t e r p r e t a t i o n  
o f  e x p e r im e n ta l  d a t a  on h e a t  and mass t r a n s f e r  i n  gas f l u i d i z e d  b e d s .
N ea r ly  a l l  th e  gas  f low  beyond t h a t  a t  minimum f l u i d l z a t i o n  
c h a n n e ls  th ro u g h  th e  bed  in  b u b b le s ,  hence  b y - p a s s in g  th e  b u lk  o f  
th e  c a t a l y s t .  The re m a in d e r  e n t e r s  t h e  em u ls io n  r e g io n  which 
c o n t a i n s  th e  b u lk  o f  th e  c a t a l y s t .  In  t h i s  r e g i o n , t h e  g a s - s o l i d  
c o n t a c t i n g  i s  e x t re m e ly  e f f i c i e n t .  G a s - s o l id  c o n t a c t i n g  i n  th e  
c lo u d  and wake r e g io n  i s  a l s o  v e ry  e f f i c i e n t .
E x ce p t f o r  i n t e r p h a s e  h e a t  and  mass t r a n s f e r ,  a f l u i d i z e d  bed 
r e a c t o r  would a c h ie v e  v e ry  p o o r  c o n v e r s io n  b e c a u se  most o f  th e  i n l e t  
g as  c h a n n e ls  th ro u g h  th e  bed in  b u b b le s .  The main t h r u s t s  o f  
p r e v io u s  e f f o r t s  to  model f l u i d i z e d  beds have d e a l t  w i th  ways 
to  c o r r e l a t e  th e  gas  f low  p a t t e r n  and th e  e x t e n t  o f  i n t e r p h a s e  h e a t  
and mass t r a n s f e r .  A com parison  o f  th e  c o n v e r s io n  in  f ix e d  and 
f l u i d i z e d  beds under  i d e n t i c a l  k i n e t i c  c o n d i t i o n s ,  such a s  t e m p e r a t u r e ,  
c o n c e n t r a t i o n ,  and c a t a l y s t  l o a d in g ,  h a s  commonly been u sed  a s  an 
e x p e r im e n ta l  means to  a c c o u n t  f o r  th e s e  phenomena,
B. L i t e r a t u r e  Survey o f  Models f o r  Gas F l u id i z e d  Bed R e a c to r s
Two e x p e r im e n ta l  t e c h n iq u e s  t h a t  have been  employed to  o b t a i n  
d a t a  on th e  f low  p a t t e r n  and  i n t e r p h a s e  t r a n s f e r  p r o c e s s e s  i n  gas  
f l u i d i z e d  beds a r e  t r a c e r  s t u d i e s  and th e  r e a c t i o n  m ethod. In
t r a c e r  s tu d ie s*  a  p u l s e  o r  s t e p  s i g n a l  i n p u t  o f  a  t r a c e r  g as  i s  
i n t r o d u c e d  i n t o  a  f l u i d i z e d  b e d ,a n d  th e  r e s i d e n c e  time d i s t r i b u t i o n
f u n c t i o n  f o r  t r a c e r  i n  th e  bed i s  o b t a in e d  a t  th e  r e a c t o r  o u t l e t .
T h is  i s  a  c l a s s i c a l  t e c h n iq u e  used  t o  o b t a i n  in f o r m a t io n  a b o u t  m ix in g  
and flow  p a t t e r n s  i n  a  v e s s e l .  In  th e  r e a c t i o n  m ethod, t h e  c o n ­
v e r s i o n  in  a  f l u i d i z e d  bed r e a c t o r  i s  compared w ith  th e  c o n v e r t iv r .  
o b ta in e d  in  a  f ix e d  bed r e a c t o r  h a v in g  th e  same c a t a l y s t  lo a d in g  
and  w ith  a l l  o t h e r  c o n d i t i o n s  a f f e c t i n g  t h e  k i n e t i c s  h e ld  c o n s t a n t .  
Presum ably  any d i f f e r e n c e s  i n  r e a c t o r  c o n v e r s io n  can  be a c c o u n te d  
f o r  in  te rm s  o f  d i f f e r e n c e s  i n  g as  f low  p a t t e r n  be tw een  th e  two 
r e a c t o r  t y p e s .  Kato & Wen (1 3 )  p r e p a r e d  a  summary o f  th e  
i n v e s t i g a t o r s  who have s t u d i e d  t h i s  p rob lem  and th e  model 
u sed  to  c o r r e l a t e  t h e i r  e x p e r im e n ta l  d a t a .  T a b le  I I - l  b r i e f l y  
sum m arizes th o se  i n v e s t i g a t o r s  who have u s e d  th e  t r a c e r  m ethod and 
th e  ty p e  model th ey  d e v e lo p e d .  In  T ab le  I I - 2  work u s in g  th e  r e a c t i o n  
method i s  summarized and th e  ty p e  model t h a t  was u t i l i z e d .
From T a b le s  I I - l  and I I - 2 ,w e  see  t h a t  th e  d i s p e r s i o n  model 
c o r r e l a t e s  the  gas flow  p a t t e r n  i n  a  bed i n  te rm s  o f  a s i n g l e  a d ­
j u s t a b l e  p a r a m e te r ,  D , th e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t .  Thus,
Si
m ixing  in  the  bed i s  d e s c r ib e d  in  te rm s  m a th e m a t ic a l ly  s i m i l a r  
t o  F i c k ' s  law o f  m o le c u la r  d i f f u s i o n .  R e s id e n c e  t im e  d i s t r i b u t i o n  
models d e s c r ib e  th e  m ix ing  i n  te rm s  o f  a  d i s t r i b u t i o n  f u n c t i o n ,  
E ( 0 ) , ( s e e  T ab le  I I - l )  f o r  th e  gas  i n  th e  r e a c t o r .  K i n e t i c a l l y ,  
i t  i s  n e c e s s a r y  to  know n o t  on ly  how lo n g  a  m o lecu le  o f  gas  was in  
th e  r e a c t o r ,  b u t  a l s o  what f r a c t i o n  o f  i t s  r e s i d e n c e  was s p e n t  
i n  c o n t a c t  w i th  c a t a l y s t .  In  o r d e r  t h a t  t h e  model o b ta in e d  from
TABLE I I - l  





G i l l i l a n d  & Mason (1 )  
Muchi, e t  a l .  (3 )
W in te r  (8 )
K obayashi (4 )
DeGrout (5 )
D is p e r s io n  Model 
D is p e r s io n  Model
D is p e r s io n  Model 
Two Phase Model
Two Phase Model
D u p  (1 -C . )  a  o r s f
R 0 .94  etD / v  „  100^_SE }
f
„ ,  , « 7 ,  2 .2  - 3 .5 x l 0 5d.p1 ,9D = 3 .6x10  d_ exp f -----u
(Kb A  ■ u / d b
D = 0  ae
u = u £  e mf
1 1 L
“ o ^ b  '  " • H i « 1 
L = bed h e i g h t  i n  m e te r
u i n  m e t e r s / s e c .  o
D = 0  ae








Iw a sa k i ,  e t  a l .  (6)
K a to ,  e t  a l .  (7 )
R es idence  Time 
D i s t r i b u t i o n  Model
Two Phase Model
XA =  1 E (0) e x p ( - k nW/f )d0O U D
E (0 )  i s  th e  c o n ta c t  time d i s t r i b u t i o n  
f u n c t io n  o b ta in e d  from r e s id e n c e  tim e 
cu rve  f o r  adso rbed  and no n -ad so rb ed  
t r a c e r  gas
-1
= 3 ' 5 s e c
f o r  u / u  = 2-30 o mf
u = 0 e
r-u -u
Daa = 0.681 - 2 —^  jd € 
36 °mf P




E x p er im en ta l  I n v e s t i g a t i o n  o f  Model P a ram e te rs  






Shen & Jo h n s to n e  (9) u = u - e mf
D = o o r  00 ae
Y „ - °
D ecom position  o f  NO2
d = 1 1 . 4  cm,L ,= 2 6 -3 2cm t  mf
d = 60-200 mesh 
P
(Kbe>b-Kr
0 .05  £ K iS 0 .06  r
M ass im ila  & Jo h n s to n e  
( 10)
Yb = °
u = U ,  e mf
D = 0 ae
O x id a t io n  o f  NH,
d = 1 1 .4cm,L -26-54cm t  ml
d = 100-325 mesh 
P
(Kb e V  Kr
K = 0 .071 r
M ath is  & Watson (11) D = 0  v ae
u = u ,  e mf
D ecom position  o f  cumene
d^ = 5 - 1 0 . 2cm,L =10-31cm, t  mf ’
d = 100-200 mesh 
P
V « b . V  Kr
K = 0 .64  r
Lew is, e t  a l .  (12) u = 0 e
D = o o r  ae
H ydrogena tion  o f  e th y le n e
d„ = 5 .2cm ,L = ll-5 3 cm  t  mf
d = 0 .0 0 1 - 0 .003cra 
P
<Kb e V V Kr







O r c u t t ,  e t  a l .  (14) Yb « 0
u = 0 e
D ecom position o f  0^
d = 1 0 -15cm,L =30-60cm t  mf
d = 0 .0 0 1 - 0 . 003cm 
P
Kr
0 .1  S K  ^ 3 .0  r
Gomezplata & S h u s te r
(15 ) \ " 0
u = u c  e mf
D = 0 ae
D ecom position  o f  cumene (K. ). ,v, ,K, ,  ,  _ .  0 oe b b rd = 7.6cm ,L =3.8-20cm t  mf
d = 100-200 mesh 
P
K = 0 .75  r
K obayash i,  e t  a l .
(16)
u = u c  e mf
D = 0 ae
D ecom position  o f  0^
d = 8 .3cm ,L  = 1 0 -100cm t  mf
d = 60-80  mesh 
P
V Kr
0 .1  is K £ 0 .8  r
I s h i i  & Osberg (18) D is p e r s io n
Model
I s o m e r iz a t io n  o f  c y c lo ­
propane
d = 4 .2 -12cm ,L  =15-50cm t  mr
d = 100-200 mesh 
P




K ato (19) u = 11 _e mf
D -  0 ae
K obayash i,  e t  a l .  u = u -
(1 7 )  6 " f




H ydrogena tion  o f  in  Y^,
packed f l u i d i z e d  bed 1 .1  ^  K :£ 3 .3
d. = 8 . 7cm,L =10-30cm. rt  mf
d = 100-200 mesh 
P
D ecom position  o f  0^
d = 20cm, L j =  1 0 -100cm t  mf
d = 60-80  mesh 
P
y, , K’b r
0 .2  Kr  3 .5
4-'
r o
t h e  d a t a  be  v a l u a b l e  f o r  s c a l e - u p  , i t  m ust d e s c r i b e  th e  f lo w  p a t t e r n  
w i th  r e a s o n a b l e  a c c u r a c y .  The above m odels  do n o t  c o r r e s p o n d  to
th e  o b s e rv e d  b e h a v io r  In  gas f l u i d i z e d  b e d s .  The m u l t i - p h a s e  c o n c e p t ,
e x e m p l i f i e d  by th e  two p h ase  model i n  F ig u re  I I - 3 ,  i n t u i t i v e l y
p r o v id e s  a  b e t t e r  d e s c r i p t i o n  o f  th e  o b se rv e d  b e h a v i o r .  Most o f
th e  i n v e s t i g a t o r s  i n  T a b le  I I - 2  have u t i l i z e d  th e  two phase  model
to  i n t e r p r e t  t h e i r  e x p e r im e n ta l  d a t a . f o r  f l u i d i z e d  bed r e a c t o r s .
L e v e n s p ie l  & K u n ii  (3 2 )  found t h a t  t h i s  ty p e  o f  model a c c o u n te d
f o r  c a t a l y t i c  f l u i d i z e d  bed c o n v e r s io n  more s u c c e s s f u l l y  th a n  th e
p r e v io u s  t h r e e .
In  th e  two p h ase  m odel,  t h e  incom ing  gas  i s  s p l i t  i n t o  two 
s e p a r a t e  p h a s e s  i n  t h e  r e a c t o r ,  th e  b u b b le  phase  and th e  em u ls io n  
p h a s e .  In  F ig u r e  I I - 3 ,  V^, th e  t o t a l  volume o f  b u b b le s  in  th e  
b e d ,  i s  t r e a t e d  a s  a  con tinuum  r a t h e r  th a n  d i s c r e t e  b u b b le s .  The 
v e l o c i t y  o f  g as  p a s s i n g  th ro u g h  th e  b u b b le  p h ase  i s  u^> and i t s  
f lo w  p a t t e r n  i s  d e s c r ib e d  by an a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,
T ab le  I I - 2  shows t h a t  n o rm a l ly  i t  i s  assum ed t h a t  D ^ = 0 im p ly in g  
p lu g  f lo w . The p re s e n c e  o f  c a t a l y s t  i n  h as  been  n e g l e c t e d  by 
some a s  i n d i c a t e d  by th e  v a lu e s  o f  T a b le  I I - 2.
The e m u ls io n  r e g io n  c o n t a i n s  m ost o f  th e  c a t a l y s t .  As T a b le s
I I - 2  and I I - 3  show, many i n v e s t i g a t o r s  have assumed i n c i p i e n t
f l u i d i z i n g  c o n d i t i o n s  i n  t h i s  r e g i o n ,  i . e . ,  u^ = um^ and €g = € m £ -
T h is  i s  p l a u s i b l e  s i n c e  any g as  f lo w  i n  e x c e s s  o f  th e  i n c i p i e n t
f l u i d i z a t i o n  f low  a p p a r e n t l y  forms b u b b le s .  The i n v e s t i g a t o r s  in
T a b le s  I I - 2  and I I - 3  have assumed e v e ry  f low  p a t t e r n  from p lu g  f lo w ,
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Mass t r a n s f e r  be tw een  th e  b u b b le  p h ase  and  e m u ls io n  p h ase  
i s  u s u a l l y  h a n d le d  by an  I n t e r p h a s e  mass t r a n s f e r  c o e f f i c i e n t  i n  
t h e  two phase  m odel.  The mass t r a n s f e r  c o e f f i c i e n t ,  ( K ^ g ) ^  
c o r r e l a t e s  th e  r a t e  o f  mass exchange be tw een  th e  b u b b le  p h ase  and 
e m u ls io n  phase  p e r  u n i t  volume o f  b u b b le  p h a se  gas  c o n t a in e d  i n  th e  
b ed .  Not a l l  o f  th e  two ph ase  m odels  l i s t e d  i n  e i t h e r  T ab le  I I - 2  
o r  T a b le  11-3 have d e f in e d  th e  i n t e r p h a s e  mass t r a n s f e r  c o e f f i c i e n t  
i n  e x a c t l y  t h i s  f a s h i o n .
T a b le  11-3 w hich i s  su n m arized  from K ato  & Wen ( 1 3 ) ,  l i s t s
most o f  th e  t h e o r e t i c a l  s t u d i e s  o f  th e  two p h ase  model found  in
th e  l i t e r a t u r e .  I n  i t s  s im p l e s t  form th e  model s t u d i e d  by th e s e
i n v e s t i g a t o r s  i s  g iv e n  by E q u a t io n s  ( 2 -1 )  and  ( 2 - 2 ) .
2
SC., S C . , 3C,,
fb d0 f b Dab . 2 + ^ “b & + (Kbe V CAb”CAe*oz
2 + \  \  ■ 0 <2- ^
£ -  f  D -----^  + f u t  (K. ). (C - C . h )e  SO e a e  ^ 2  e e dZ De b Ae Ab
+ Y e RA - 0  , 2 - 2 ,
E q u a t io n s  ( 2 - 1 )  and ( 2 - 2 )  a r e  m a t e r i a l  b a l a n c e s  f o r  t h e  r e a c t i v e  
s p e c i e s  i n  th e  b u b b le  p h ase  and  em u ls io n  p h a s e ,  r e s p e c t i v e l y .
Krambeck, K a tz ,  & S h in n a r  (3 1 )  d ev e lo p ed  a s t o c h a s t i c  model f o r  
gas  f l u i d i z e d  b e d s .  I t  u t i l i z e s  th e  two p h a se  c o n c e p t  and  c o n s i s t s  
o f  a  ne tw o rk  o f  c o m p le te ly  mixed ta n k s  i n  s e r i e s  r e p r e s e n t i n g  th e  
b u b b le  phase  and em u ls io n  p h a s e ,  r e s p e c t i v e l y .  The s t i r r e d  ta n k s  
a t  each  s ta g e  o f  th e  ne tw ork  a r e  in t e r c o n n e c t e d  by randomly 
f l u c t u a t i n g  c r o s s  f lo w s .  The a u t h o r s  do n o t  p r o v id e  a  s im p le  method
TABLE II-3
T h e o r e t i c a l  S tu d ie s  o f  th e  Two Phase  Model
AUTHOR
PARAMETER
ASSUMED METHOD \  ° r  (Kbe>b COMMENTS
van Deemter (23) Yb = 0
u = 0  e
D = D f o r  a e  a ;
c a t a l y s t
s te a d y  s t a t e  
a n a l y s i s  o f  gas 
b ack -m ix ing  & 
r e s id e n c e  time 
cu rv e  f o r  1 s t  
o r d e r  r e a c t i o n
\  ~ 0
CI!b A L0 .05S  -  — — S2.5 
u
Did n o t  r e -
l a t e  ^ b e ' b  
to  bubb le  
movement
Muchi (24) u = u _ e mf
0 £ D ?£ 50 ae
s tu d y  o f  e f f e c t
° £ <Kb e W Da e , 6'
u on X. f o r  1 s t  e A
o rd e r  r e a c t i o n
Did n o t  r e ­
l a t e  p a r a ­
m e te rs  t o  
b u b b le  move­
ment
Mamuro & Muchi u = u A n a ly s is  o f  1 s t  <Kbe>b n n c
/">c\ e mf j  ... — 3------= 0 .05(25 ) o r d e r  r e a c t i o n  v
Yb = 0  0  = bubb le  shape
f a c t o r
van Deemter (26) D = 0 ae A n a ly s is  o f  back- m ix in g ,  r e s id e n c e  
tim e curve  o f  t r a c e r  
gas & 1 s t  o r d e r  
r e a c t i o n s
0 .4  s ‘ Kb . V 1 - 2 V ^ W b ’
u a r e  n o te






ASSUMED METHOD Yb o r  <Kbe>b COMMENTS
K un i i  & L av e n sp ie l
(27)
u = 0 e
£  = €e mf
D = 0 ab
D = 0 ae
\  * 0
A n a ly s is  o f  h e a t  & 
mass t r a n s f e r ,  gas  & 
s o l i d  m ix ing ,  and 
c a t a l y t i c  r e a c t i o n s
^ b e ’b (Kbc>b
1
(K ) ce  b
u




(K ) = ce b
5 .78(-
1/2
Bubbles a r e  
c h a r a c t e r i z e d  
by s i n g l e  
b u b b le  d i a ­
m e te r ,  d.
Davidson & H a r r i s o n
(28)
D = 0 o r  00 ae
V„ = 0
X. f o r  1 s t  o r d e rA
r e a c t i o n
,  1 /2  1 /4
fK \ = 5- 85-D___ 8
l e  b , 5 /4
4 .5 u mf
No con­
s i d e r a t i o n  
o f  bubb le  
growth
K obavashi & A ra i
(29 )
u = 0 e
D = 0 ae
Study o f  e f f e c t  o f
K ,Y. ,D , & (K, ). r  b ’ ae  t>e b
on X, f o r  1 s t  o r d e r  A
r e a c t i o n
V (Kb A ' &
D a r e  n o t  ae





AUTHOR ____  ASSUMED_________________METHOD
Kato & Wen (13) = 0 Study o f  c a t a l y t i c
D = 0 ab
r e a c t i o n s
Yb "  (Kb A COMMENTS
« b e V 11/db db 1S
V, = 0  a l lo w ed  tob vary
l i n e a r l y  
from bottom  




t o  e s t i m a t e  th e  p a r a m e te r s  f o r  t h e i r  m odel.
C. The B ubb ling  Bed Model
In  1969, L e v e n s p ie l  & K u n ii  (3 2 )  i n t r o d u c e d  t h e i r  " b u b b l in g  
bed  m o d e l" ± o  s im u l a te  f l u i d i z e d  b ed s  whose b u b b le  d ia m e te r  i s  u n d e r  
c o n t r o l  and  n e a r l y  u n ifo rm  th ro u g h o u t  t h e  b e d .  I t  does  n o t  com­
p e n s a t e ,  how ever, f o r  th e  e f f e c t s  o f  c h a n n e l in g  and  s lu g g in g  w i th i n  
th e  b ed .  L e v e n sp ie l  & K u n ii  s u g g e s t  t h a t  th e s e  c o n d i t i o n s  a r e  
n o rm a l ly  s a t i s f i e d  f o r  beds  f o r  w hich:
( i )  uo >  2um f ’
( i i )  i n t e r n a l  b a f f l i n g  o r  v e r t i c a l  h e a t  exchange  tu b e s  a r e  
in c lu d e d  in  t h e  d e s ig n ;
( i i i )  th e  a s p e c t  r a t i o ,  i . e . ,  t h e  r a t i o  o f  th e  bed h e i g h t  to  th e  
bed d i a m e te r ,  i s  a b o u t  u n i t y .
The gas  f low  p a t t e r n  i n  th e  " b u b b l in g  bed  m odel"  i s  e s s e n t i a l l y  a s  
i t  was d e s c r ib e d  f o r  th e  two p h ase  model o f  F ig u r e  I I - 3  e x c e p t  f o r  
th e  i n c l u s i o n  o f  a  c lo u d  and  wake r e g io n  be tw een  th e  b u b b le  phase  
and e m u ls io n  p h a s e .  F ig u r e  I I - 4  s c h e m a t i c a l ly  i l l u s t r a t e s  a 
t y p i c a l  b u b b le  i n  a  f l u i d i z e d  bed w i th  i t s  s u r r o u n d in g  c lo u d  and 
t r a i l i n g  t u r b u l e n t  wake a s  d e s c r ib e d  by Rowe, e t  a l .  ( 2 0 ,2 1 ) .
U n like  o t h e r  v e r s i o n s  o f  th e  two p h a se  m odel,  mass and en e rg y  
t r a n s p o r t  be tw een  th e  b u b b le  p h ase  and  e m u ls io n  phase  i s  a  two 
s t e p  p r o c e s s  i n  th e  " b u b b l in g  bed m o d e l" .  The s t e p s  a r e  t r a n s f e r  
from t h e  b u b b le  gas  t o  t h e  c lo u d  and wake gas  and  t r a n s f e r  from 
th e  c lo u d  and wake gas to  th e  em u ls io n  g a s .
D a v id s o n 's  (3 8 ,3 4 )  hydrodynam ic b u b b le  model s u c c e s s f u l l y  
p r e d i c t s  th e  o b se rv e d  b u b b le  shape  and  c lo u d  th i c k n e s s  i l l u s t r a t e d
50
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i n  F ig u re  I I - 4 .  H ydrodynara ica lly ,  b u b b le s  p r o v id e  a  low f lo w  
r e s i s t a n c e  p a t h  f o r  th e  g as  p a s s in g  th ro u g h  th e  b e d .  As shown i n  
F ig u r e  I I - 4 ,  D a v id s o n 's  model p r e d i c t s  a  f lo w  o f  gas  a t  r a t e  q 
e n t e r i n g  th e  b o t to m  o f  t h e  b u b b le  and  c i r c u l a t i n g  th ro u g h  i t s  r o o f .
T here  a r e  many ways t o  d e f in e  th e  i n t e r c h a n g e  c o e f f i c i e n t  
w hich d e s c r i b e s  th e  r a t e  o f  g as  i n t e r c h a n g e .  Some v e r s i o n s  o f  th e  
two p h ase  model have  d e f in e d  i t  a s  a  mass t r a n s f e r  c o e f f i c i e n t ,  k ,  a s
- i  d\
sT~ d i r  -  fc(CA b-CAc> <2- 3 >be
I t  h as  a l s o  been  d e f in e d  by an  i n t e r c h a n g e  r a t e  i n  te rm s o f  th e  
o v e r a l l  volume o f  t h e  r e a c t o r .
- i  d\
T  d0 -  -  K(CA b-CAc> <2*4)t
The " b u b b l in g  bed model" h a s  d e f in e d  th e  i n t e r c h a n g e  c o e f f i c i e n t  
betw een th e  b u b b le  and c l o u d ,  (K^c , on th e  b a s i s  o f  a u n i t  volume 
o f  b u b b le  p h a se  g as  by
dN
- T I T  -  (Kb c V CAb-CAc> (2- 5>b
and th e  i n t e r c h a n g e  c o e f f i c i e n t  be tw een  th e  c lo u d  and  e m u ls io n ,
(K ), , a l s o  on a  p e r  u n i t  o f  b u b b le  volume b a s i s  by th e  e x p r e s s io n :  ce  b
-  t  l r '  (K« > b (cA c-cAb> C2' 6 )b
The c o e f f i c i e n t ,  p r o v id e s  a  m easu re  o f  th e  o v e r a l l  gas
I n te r c h a n g e  be tw een  th e  b u b b le  gas  and  th e  em u ls io n  gas a l s o  on the  
b a s i s  o f  a  u n i t  o f  b u b b le  p h ase  volume and i s  d e f in e d  by:
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1 dNA
f  d T =  (Kb e V CAb-CAe>
D
(2-7)
L e v e n s p ie l  & K u n ii  (7 )  e s t a b l i s h e d  a  means to  e v a l u a t e  t h e s e  
i n t e r c h a n g e  c o e f f i c i e n t s  u s in g  D a v id s o n 's  b u b b le  model (3 4 )  and 
H i g b i e ' s  f i lm  p e n e t r a t i o n  model ( 3 5 ) .  The in t e r c h a n g e  c o e f f i c i e n t s  
a r e  e x p r e s s e d  a s  a  f u n c t i o n  o f  th e  p h y s i c a l  p r o p e r t i e s  o f  th e  f lu id B  
and th e  e f f e c t i v e  b u b b le  d i a m e te r ,  d^ .
Gas in t e r c h a n g e  be tw een  th e  b u b b le  and c lo u d  i s  a c c o m p lish e d  
in  two ways. F i r s t ,  t h e r e  i s  th e  c i r c u l a t i o n  o f  g a s ,  q ,  g iv e n  
q u a n t i t a t i v e l y  by D a v id s o n 's  model (34 )  a s :
A d d i t i o n a l l y  gas  i n t e r c h a n g e  i s  e f f e c t e d  th ro u g h  th e  p e r i p h e r a l  
s u r f a c e  o f  th e  b u b b le ,  S^c , due to  a  c o n c e n t r a t i o n  d r i v i n g  f o r c e .  
D avidson  & H a r r i s i o n  (28) o b ta in e d  an  e x p r e s s io n  f o r  th e  mass 
t r a n s f e r  c o e f f i c i e n t  a c r o s s  S ^ ,  k^
and a  q u a n t i t a t i v e  m easure  o f  S ^ ,  E q u a t io n  ( 2 - 1 8 ) .  When th e s e  two 
c o n t r i b u t i o n s  to '  t h e  gas  i n t e r c h a n g e  r a t e  a r e  combined, th e  o v e r a l l  
r e l a t i o n s h i p  becomes:
E q u a t io n  (2 -1 0 )  i s  d iv id e d  by th e  b u b b le  volume to  o b t a i n  th e  
in t e r c h a n g e  c o e f f  i c i e n t  ,(K jj c )^ ,  d e f in e d  by E q u a t io n  ( 2 - 5 ) .
( 2 - 8 ;
k be





The gas i n t e r c h a n g e  be tw een  th e  c lo u d  and wake g as  and  th e
e m u ls io n  gas o c c u r s  th ro u g h  a  d i f f u s i o n  mechanism o n ly .  The mass
t r a n s f e r  a c r o s s  t h e  i n t e r f a c i a l  s u r f a c e ,  S , i s  d e f in e d  i n  te rm sce
o f  t h e  mass t r a n s f e r  c o e f f i c i e n t , k ce< K u n ii  & L e v e n s p ie l  u sed  th e
H ig b ie  p e n e t r a t i o n  model (35 )  t o  d e r iv e  an  e x p r e s s io n  f o r  kce
T  < f (uLr ' u f H / 2
kce =  [  "  £  V ~ ]  • <2’ 12>c
w here: € ,-D £ D £  Dmf e
T h e n , th e  r a t e  o f  mass t r a n s f e r  i s :
-dN.
- d T *  = S« kc e < CA c - CA.> ( 2 ' 13>
i f  t h i s  i s  w r i t t e n  i n  te rm s  o f  th e  b u b b le  d ia m e te r  and th e  e x p r e s s i o n
i s  d iv i d e d  by th e  b u b b le  volume th e  gas  i n t e r c h a n g e  c o e f f i c i e n t
(K ),> i s  o b t a in e d  a s  f o l lo w s :'  ce b
C D 1 / 2
(Ke e )b *  6 . 7 8 [  (2 -1 4 )
I t  can r e a d i l y  be s e e n  t h a t  i f  th e  g aseo u s  p h a s e s  w ere each  a t  
d i f f e r e n t  t e m p e r a t u r e s ,  th e n  t h e  same mechanisms d e s c r ib e d  would 
a c c o m p lish  s im u l ta n e o u s  h e a t  exchange  be tw een  t h e  g aseo u s  p h a s e s .
In a  manner c o m p le te ly  a n a la g o u s  to  t h a t  used  f o r  gas i n t e r c h a n g e ,  
t h r e e  h e a t  in t e r c h a n g e  c o e f f i c i e n t s  have  been  d e f in e d  by L e v e n s p ie l  & 
K un ii  ( 8 ) a s :  ( i )  (H^ ) ^ ,  th e  c o e f f i c i e n t  r e l a t i n g  th e  r a t e  o f
h e a t  i n t e r c h a n g e  be tw een  th e  b u b b le  p h ase  and th e  c lo u d  and  wake 
g as ;  ( i i )  (llc e ) ^ , t h e  c o e f f i c i e n t  r e l a t i n g  th e  h e a t  t r a n s p o r t  r a t e
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be tw een  th e  c lo u d  and wake g as  and th e  em u ls io n  g a s ;  and ( 1 1 1 )
(H^e ) ^ ,  which c o r r e l a t e s  th e  o v e r a l l  exchange r a t e  betw een th e  
b u b b le  a n d ‘em u ls io n  g a s ,  a l l  d e f in e d  p e r  u n i t  volume o f  b u b b le  p h a s e .
F o llo w in g  th e  a n a l y s i s  o u t l i n e d  f o r  gas  in t e r c h a n g e ,  t h e s e  h e a t  
in t e r c h a n g e  c o e f f i c i e n t s  can  be r e l a t e d  to  t h e  p h y s i c a l  p r o p e r t i e s  
o f  th e  sy s tem  and th e  mean b u b b le  d ia m e te r ,  d ^ .  As g iv e n  by 
L e v e n s p ie l  & K u n ii  ( 8 ) ,  (Hb c >b i s :
T hus , th e  " b u b b l in g  bed  m odel"  p r o v id e s  a  means t o  e v a l u a t e  th e  
im p o r ta n t  gas  and h e a t  i n t e r c h a n g e  c o e f f i c i e n t s  i n  te rm s  o f  a  s i n g l e  
a d j u s t a b l e  p a r a m e te r ,  db>
L e v e n s p ie l  & K unii  ( 4 ,7 , 3 2 )  p r e s e n t e d  a  s e t  o f  p o s t u l a t e s  which 
d e s c r i b e s  th e  im p o r ta n t  d e t a i l s  o f  th e  " b u b b l in g  bed m odel"  and p r o v id e  
p r e d i c t i o n s  o f  o t h e r  im p o r ta n t  p a r a m e te r s .  They w i l l  be p a r a p h ra s e d  
h e re  b e ca u se  o f  t h e i r  im p o r ta n c e  to  t h e  d e r i v a t i o n  to  fo l lo w  in  
C h a p te r  I I I .
1. The B ubble Phase  P o s t u l a t e s
P o s t u l a t e  BP 1_. In  t h e  v i c i n i t y  o f  r i s i n g  b u b b le s ,  th e  gas  f low  
i s  a d e q u a te ly  d e s c r ib e d  by D a v id s o n 's  b u b b le  model (2 8 )  which 
d i s t i n g u i s h e s  betw een f a s t  b u b b le s  w i th  t h i n  c lo u d s  and s low  b u b b le s .  
The v e l o c i t y  o f  b u b b le  r i s e  i s  g iv e n  by K obayash i ,  e t  a l .  (4 )  by:
(2 -1 5 )
and  (H ) i s  w r i t t e n  a s :ce  b
(2 -1 6 )
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ub r  = o ^ i i ^ ) 1 7 2  ( 2 -1 7 )
From th e  Davidson m odel,  t h e  s i z e  o f  t h e  c lo u d  f o r  f a s t  b u b b le s ,  i . e .  
when u ^  > u f , i s :
, 3_c
4
R_ u^.. + 2 u b r
3  -  u^ " -  u ;  ' 2 - 18 '
w here  u^ i s
u f  -  / f  
mf
In  te rm s  o f  , t h e  v o lu m e t r i c  f low  o f  g a s  th ro u g h  t h e  b u b b le  i s  
r e l a t e d  by t h i s  model a s :
q = 3um f ^  ( 2 - 2 0 )
P o s t u l a t e  BP 2. S m all  b u b b le s  f o r m a t  th e  d i s t r i b u t o r ,  c o a l e s c e ,  
and  grow a s  th e y  r i s e  i n  t h e  b e d .  At each  l e v e l  i n  th e  b e d , t h e  
b u b b le s  a r e  n e a r l y  o f  u n ifo rm  d ia m e te r .  T h ree  s t a g e s  can be 
d i s t i n g u i s h e d  i n  th e  p r o c e s s  o f  b u b b le  g ro w th :  sm a l l  b u b b le s  which 
v i o l e n t l y  c o a l e s c e  n e a r  t h e  i n l e t  d i s t r i b u t o r ;  i n t e r m e d i a t e  b u b b le s  
w i th  c l o u d s ,  ( f o r  th e  c a s e  o f  u^ > u ^ ) ; a n d ,  l a r g e  f a s t  b u b b le s  w ith  
t h i n  o r  n e g l i g i b l e  c lo u d s  which o c c u r  when ub ^  V
P o s t u l a t e  BP 2L The v e l o c i t y  o f  a s c e n t  f o r  b u b b le  c l u s t e r s  
i s  r e l a t e d  to  th e  v e l o c i t y  o f  a s c e n t  f o r  a s i n g l e  b u b b le ,  by:
u, = u -u  _ 4- u, ( 2 - 2 1 )b .o mf o r
P o s t u l a t e  BP 4 .  A lth o u g h  i t  h as  been  o b se rv e d  t h a t  b u b b le  
d ia m e te r  v a r i e s  w ith  d i s t a n c e  i n  th e  b e d ,  t h i s  model assum es t h a t  th e  
p o p u la t io n  o f  b u b b le  d ia m e te r s  can  be r e p r e s e n t e d  by a  mean o r  
e f f e c t i v e  b u b b le  d ia m e te r  f o r  th e  e n t i r e  r e a c t o r .
56
P o s t u l a t e  BP 5^ Voldage i n  th e  b u b b le  p h a s e  and  v o ld a g e  i n  
t h e  e m u ls io n  p h ase  a r e  u n iq u e ly  r e l a t e d  by a  m a t e r i a l  b a l a n c e  on
th e  s o l i d s .  I f  i s  t h e  o v e r a l l  v o id a g e ,  and 6 i s  th e  f r a c t i o n
o f  th e  t o t a l  volume o f  th e  bed o c c u p ie d  by b u b b le s ,  th e n  th e  m a t e r i a l
b a la n c e  can  be w r i t t e n :
€f  = 6 «b +  ( l - 6 )€ e -  6  +  ( l - 6 ) c e ( 2 - 2 2 )
Ig n o r in g  th e  sm a l l  q u a n t i t y  o f  s o l i d s  i n  t h e  b u b b le  p h ase  a s  a 
n e g l i g i b l e  f r a c t i o n  o f  t h e  t o t a l  s o l i d s  (€ b = 1 ) ,  E q u a t io n  (2 -2 2 )  
p r o v id e s  a  means o f  e s t i m a t i n g  i f  v a lu e s  o f  and 6 have been 
e x p e r i m e n t a l ly  d e te rm in e d .  However, g e n e r a l l y  i t  can  be assumed 
w i th  n e g l i g i b l e  e r r o r  t h a t
€e = €mf * <2' 23>
L e v e n s p ie l  & K u n ii  (3 2 )  d e v e lo p e d  th e  f o l l o w i n g  r e l a t i o n s h i p s  b e ­
tween the  b u b b le  ph ase  v a r i a b l e s  u. , u , u c t  and  6 u s in g  th e  f o r e -b o ml
g o in g  p o s t u l a t e s .  In  b ed s  o f  s lo w ly  moving b u b b le s  ( u ^ / u ^  1 ) ,  a
m a t e r i a l  b a la n c e  on th e  gas  f lo w  y i e l d s
“ o ■ (1- 6> V  + 6 (u b + 3  umf> <2' 2 4 >
In  beds  o f  l a r g e r ,  f a s t e r  b u b b le s ,  w i th  c lo u d s  o f  n e g l i g i b l e  t h i c k ­
n e s s  ( u ^ / u  > 5 ) ,  a  gas  m a t e r i a l  b a l a n c e  le a d s  t o :
"o  -  C1- 6 ) “mf + C2‘ 25)
In  i n t e r m e d i a t e  r e g io n s  an  i n t e r p o l a t i o n  i s  r e q u i r e d .  The b u b b le
p h ase  f r a c t i o n ,  6 , can  be  c a l c u l a t e d  from E q u a t io n  (2 -2 4 )  u s in g  u^
from E q u a t io n  (2 - 2 1 ) .
u -  u u.
6 = —  • —  >  5  ( 2 -2 6 )
Ub * Umf Uf
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2. The Em ulsion  P h ase  P o s t u l a t e s
The fo l lo w in g  p o s t u l a t e s  d e s c r i b e  th e  e m u ls io n  p h a s e .
P o s t u l a t e  EP JL. E very  r i s i n g  bubb le  h a s  a  t r a i l i n g  t u r b u l e n t
wake composed o f  em u ls io n  p h ase  w i th  th e  same v o id  f r a c t i o n ,  € Themf
r a t i o  o f  wake volume to  b u b b le  p h ase  volum e, a ,  h a s  been  m easured  
e x p e r i m e n t a l ly  ( 1 0 ) .  Wake volume d a ta  f o r  i r r e g u l a r  sand  p a r t i c l e s  
from Rowe & P a r t r i d g e  (1 0 )  can be c o r r e l a t e d  by th e  s im p le  l i n e a r  
r e l a t i o n s h i p
0 .8 d  + 0 .17
Of =   E------------  (2 -2 7 )
0 . 8 8  -  0 . 8 d ' '
P
T h is  c o r r e l a t i o n  w ith  p a r t i c l e  d ia m e te r ,  d ^ ,  w i l l  be u sed  i n  t h i s  
r e s e a r c h  a s  t y p i c a l  f o r  i n d u s t r i a l  c a t a l y s t  p a r t i c l e s .  I n  a c t u a l  a p ­
p l i c a t i o n s ,  i t  would be b e t t e r  t o  e x p e r i m e n t a l ly  m e asu re  Of.
P o s t u l a t e  EP 2 .  The wake formed j u s t  above th e  d i s t r i b u t o r  
r i s e s  w i th  t h e  b u b b le s  a t  th e  v e l o c i t y  u ^ .  Wake s o l i d s  a r e  c o n ­
t i n u a l l y  exchanged  w i th  th e  e m u ls io n .  F o r  t h e  b a t c h  f l u i d i z e d  bed, 
th e  wake s o l i d s  do n o t  c a r r y - o v e r  b u t  r e t u r n  t o  th e  e m u ls io n  a t  
th e  to p  o f  t h e  b ed .  The s o l i d s  m a t e r i a l  b a l a n c e  d i c t a t e s  t h a t  th e s e
s o l i d s  must d r i f t  downward in  t h e  bed a t  v e l o c i t y ,  u .s
P o s t u l a t e  EP 2 c o u p le d  w i th  e x p e r im e n ta l  m easurem ents  o f  
s o l i d s  t e m p e ra tu r e s  ( 1 1 ,1 2 , 1 3 ,1 4 , 1 5 )  s u g g e s t s  t h a t  th e  s o l i d s  c i r ­
c u l a t i o n  in  th e  b a tc h  f l u i d i z e d  bed i s  su ch  t h a t  th e y  m ight be 
c o n s id e re d  to  be  i n  backm ix f lo w .  In  th e  d e r i v a t i o n  to  f o l l o w , t h e  
s o l i d s  te m p e ra tu r e  w i l l  be  modeled in  lumped p a r a m e te r  f a s h io n  a s  
d i c t a t e d  by th e  a s s u m p tio n  o f  com ple te  s o l i d s  b ack m ix in g .
P o s t u l a t e  EP 3 The  r e l a t i v e  v e l o c i t y  betw een t h e  e m u ls io n  
g a s ,  u , and th e  d o w n - d r i f t i n g  s o l i d s ,  u , i s  g iv e n  by:
6 S
E q u a t io n  (2 -2 8 )  im p l i e s  t h a t ,  i n  v i o l e n t l y  f l u i d i z e d  b e d s ,  th e
e m u ls io n  gas  may a c t u a l l y  flow  downward. T r a c e r  s t u d i e s  by
K o b a y a sh i ,  e t  a l .  (1 6 )  s u p p o r t  t h i s  c o n c l u s i o n .
P o s t u l a t e  EP 4 . In  beds w i th  f a s t  moving b u b b le s ,  ( u ^ / u j> 5 ) ,  th e
downward s o l i d s  v e l o c i t y  i n  th e  e m u ls io n  i s
a  6 u
u -  - — 7  ( 2 -2 9 )s l - 6 - a 6
E q u a t io n s  (2 - 2 8 )  and  (2 -2 9 )  p ro v id e  a  means f o r  e s t i m a t i n g  u .
6
S u b s t i t u t i n g  u from E q u a t io n  (2 -2 8 )  i n t o  a  m a t e r i a l  b a l a n c e  on th e  
gas  i n  t h e  b e d ,  an  e s t i m a t e  o f  6 i s  o b ta in e d  w hich i s  more a c c u r a t e  
th a n  t h a t  o b ta in e d  from E q u a t io n  ( 2 - 2 6 ) .  The g a s  m a t e r i a l  b a la n c e  
i s  w r i t t e n :
uo = ( l - 6- a 6 )€mfue + (6  + a&£m f)u b (2 - 3 0 )
T h i s  g iv e s  6 a s :
u -€  ,u
6 =  ° .  mf e .--------  (2 -3 1 )u, + a€  *(u. -u  ) - €  ~u b mf b e mf e
F or  l a r g e  v a lu e s  o f  uq t h i s  r e d u c e s  to  t h e  same r e s u l t  a s  t h a t  g iv e n
by E q u a t io n  ( 2 - 2 6 ) .
P o s t u l a t e  EP 5 . In  beds o f  f a s t  m oving , u n ifo rm  s i z e  b u b b le s ,
th e  s o l i d s  i n  th e  c lo u d  a r e  swept i n t o  th e  wake and w e l l  mixed
b e f o r e  r e - e n t e r i n g  th e  e m u ls io n .
P o s t u l a t e  EP 6 . L a t e r a l  m ix in g  o f  s o l i d s  i s  a c c o m p lish e d  a s
e m u ls io n  s o l i d s  a r e  drawn i n t o  th e  c lo u d .  From th e  c lo u d  , th ey  a r e
swept i n t o  th e  wake w here they  a r e  c o m p le te ly  mixed and d i s c h a r g e d
back  to  t h e  e m u ls io n .  M ixing  i n  th e  wake b e h in d  th e  b u b b le s  i s
th e  p r i n c i p a l  s o u rc e  o f  l a t e r a l  s o l i d s  m ix in g .
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The above  q u a n t i t i e s  a r e  r e l a t e d  by t h e  o v e r a l l  m a t e r i a l  b a la n c e  on 
th e  s o l i d s
6(Vb + Yc + Ye ) -  1-Cf  = < l -€ mf) ( l - 6 )  ( 2 - 3 5 )
E x p e r im e n ta l  e v id e n c e  c o n c e rn in g  th e  p r e s e n c e  o f  s o l i d s  i n  th e
b u b b le s  i n d i c a t e s  t h a t  Yb v a r i e s  be tw een  0.001 and 0 . 0 1 .  The value
o f  Yc can  he e s t i m a t e d  by com bining ' c o n t r i b u t i o n s  from th e  c lo u d  and 
wake g a s .  I f  i t  i s  assum ed t h a t  th e  c lo u d  and bubbles  a r e  
s p h e r i c a l  and t h a t  th e  v o id a g e  i n  th e  c lo u d  i s  Cm£> u s in g  E q u a t io n  
( 2 - 1 8 )  th e  f o l lo w in g  r e l a t i o n s h i p  r e s u l t s .
r  3  Um f^€mf ~1
Yc = mf I  Z Z   + a  ( 2 ~ 3 6 >0 . 7 1 1 7 1 ^  -  J
Knowing Y^ and Yc » th e  v a lu e  o f  Ye c a n  be  d e te rm in e d  d i r e c t l y  from 
E q u a t io n  ( 2 - 3 5 ) .  The mass d i s t r i b u t i o n  can  be r e a d i l y  o b ta in e d  
from th e  e x p r e s s i o n s :
6Yb = <1 - €m f) ( 1 - 6)mb ( 2 “37)
6Yc = ( ^ m f X 1" 6^  ( 2 " 3 8 )
6Ye = <1 - €m f)(1_6)m e ( 2 ' 39)
O v e r a l l  mass t r a n s f e r  c o e f f i c i e n t s  be tw een  t h e  e n t e r i n g  gas and 
th e  c a t a l y s t  can  be e v a l u a t e d  from s p e c i e s  c o n t i n u i t y  e q u a t io n s  
f o r  th e  component o f  i n t e r e s t ,  A. Based on th e  " b u b b l in g  bed"  
c o n c e p t ,  p a r t  o f  th e  component A e n t e r i n g  the  bed in  a  bubb le  i s  
a b so rb e d  by th e  s o l i d s  i n  t h e  b u b b le  an d  p a r t  o f  i t  i s  c a r r i e d  i n t o  
th e  c lo u d  and wake r e g io n  by gas  in t e r c h a n g e .  P a r t  o f  th e  m a t e r i a l  
c a r r i e d  i n t o  th e  c lo u d  and  wake i s  a b s o rb e d  by t h e  s o l i d s  i n  t h i s
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r e g i o n  and p a r t  i s  exchanged  w i th  t h e  e m u ls io n  r e g i o n .  P re su m ab ly ,  
a l l  t h e  m a t e r i a l  c a r r i e d  i n t o  t h e  em u ls io n  r e g io n  i s  a b s o rb e d  by 
th e  s o l i d s .  The a p p r o p r i a t e  s p e c i e s  c o n t i n u i t y  e q u a t io n s  can  be 
s t a t e d  a s :
. ... , \  C a b s o r p t i o n  i n  'Y / ' " t r a n s f e r  t o( o v e r a l l  a b s o r p t i o n )  < b u b b l£ by s o i l d * M * i oud & w ake/ (2
/ ' ' t r a n s f e r  t o  'N ^  /  a b s o r p t i o n  i n  \  t r a n s f e r  t o \  ^ 2
v c l o u d  & w ake ' I c lo u d  6c wake by ) v. e m u l s i o n , '
\ s o l i d s
f t r a n s f e r  toN ^  I a b s o r p t i o n  i n \  . 2
V e m u ls io n  /  — I em u ls io n  by 1
\ s o l i d s
The above  r e l a t i o n s h i p s  a r e  q u a n t i t a t i v e l y  g iv e n  by: 
dC , dC
d 0  "  _Ub dz ■ ^ d ^ b ^ CAb-CAs^ = Ybk d , t a ^CAb”CA s '
+  * b c > b (CA b-CAc> <2
(ltb c V CA b -CAc> 38 ^ d . m f ^ ^ A c ^ A s )  +  ^ c / b ^ A c ^ A . )  (2
<K )v (C ,  -C ,  ) ^ Y k .  « * '< C ,  -C ,  ) (2ce b Ac Ae e d ,m f  Ae As
In  E q u a t io n s  ( 2 - 4 3 ) ,  ( 2 -4 4 ) ,  and (2 -4 5 )  th e  mass t r a n s f e r  c o e f f i ­
c i e n t s .  k.,, a n d k . ,  , ,  a c c o u n t  f o r  th e  mass t r a n s f e r  r e s i s t a n c e  ’ d , t  d ,m f
a c r o s s  th e  f l u i d  f i l m  s u r ro u n d in g  i n d i v i d u a l  c a t a l y s t  p a r t i c l e s .  
They can  be e v a l u a t e d  from a  r e l a t i o n s h i p  due to  F r o e s s l i n g  ( 5 3 ) .






In  E q u a t io n  ( 2 - 4 6 ) , y i s  t h e  l o g a r i t h m ic  mean f r a c t i o n  o f  n o n - d i f f u s i n g
com ponent, and ur  i s  th e  r e l a t i v e  v e l o c i t y  be tw een  th e  g a s  and
c a t a l y s t .  L e v e n sp ie l  & K u n i i  (3 2 )  assumed t h a t  th e  r e l a t i v e  v e l o c i t y
betw een  t h e  c a t a l y s t  and b u b b le  gas can  be a p p ro x im a te d  by th e
t e r m i n a l  v e l o c i t y  o f  t h e  c a t a l y s t , u t , and t h a t  th e  s l i p  v e l o c i t y  betw een
c a t a l y s t  and  gas  i n  th e  c lo u d  and wake and th e  em u ls io n  c o r r e s p o n d s
to  u , .  H ence, i n  E q u a t io n  ( 2 - 4 3 ) , k ,  . i s  th e  v a lu e  o f  k ,  whenmi a , c a
u = u , and  i n  E q u a t io n s  (2 -4 4 )  and ( 2 - 4 5 ) , k ,  i s  th e  v a lu e  o f  k ,  r t  d ,m f d
when u = ur  mf
In  E q u a t io n s  ( 2 - 4 3 ) ,  ( 2 - 4 4 ) ,  and  ( 2 - 4 5 ) , a / i s  th e  s u r f a c e  a r e a
o f  t h e  c a t a l y s t  p a r t i c l e  a v a i l a b l e  f o r  mass t r a n s f e r .  I t  can  be
e s t i m a t e d  i n  te rm s  o f  th e  mean p a r t i c l e  d i a m e t e r ,  d ^ ,  and
s p h e r i c i t y , 0  , by: s
/ _ s u r f a c e  a r e a  _ 6
a  volume o f  s o l i d  0  ds p
The c o n c e n t r a t i o n s  C. and CA can  be e l i m i n a t e d  fromAc Ae
E q u a t io n s  ( 2 - 4 3 ) ,  ( 2 - 4 4 ) ,  and (2 -4 5 )  t o  o b t a i n  th e  f o l l o w i n g  
r e l a t i o n s h i p  f o r  th e  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  be tw een  th e
I t  sh o u ld  be n o te d  t h a t  E q u a t io n s  (2 -4 0 )  th ro u g h  (2 -4 2 )  and 
E q u a t io n s  (2 -4 3 )  th ro u g h  (2 - 4 5 )  have  n e g l e c t e d  t h e  c o n t r i b u t i o n s  
o f  b u lk  t r a n s p o r t .  I f  t h e s e  te rm s  had been  in c lu d e d  in  E q u a t io n s  
(2 -4 4 )  and  ( 2 - 4 5 ) ,  i t  would n o t  have been  p o s s i b l e  to  e l i m i n a t e  
C^c and  C^e to  o b t a i n  E q u a t io n  (2 -4 8 )  and ( 2 - 4 8 a ) .
L e v e n s p ie l  & K u n i i  ( 7 ,3 2 )  have shown t h a t  E q u a t io n  (2 -4 8 )  
does  a  r e a s o n a b l e  jo b  o f  c o r r e l a t i n g  p u b l i s h e d  d a t a  on mass t r a n s f e r  
be tw een  g as  and s o l i d s  i n  f l u i d i z e d  b e d s .
4 .  "B u b b lin g  Bed M odel" on H ea t T r a n s f e r
H ea t t r a n s f e r  be tw een  t h e  g a s  and s o l i d  c a t a l y s t  in  f l u i d i z e d
beds  i s  h a n d le d  i n  a  m anner a n a lo g o u s  to  mass t r a n s f e r .  In a 
s i m i l a r  f a s h i o n ,  a  b u b b le  o f  h o t  gas  e n t e r i n g  a c o o l  bed  can  g iv e  
up a  p o r t i o n  o f  i t s  e n t h a lp y  t o  t h e  c a t a l y s t  p a r t i c l e s  i n  th e
b u b b le ,a n d  p a r t  can  be exchanged  w i th  th e  c lo u d  and wake g a s .  T h is
can  be s t a t e d  a s :
/ ' h e a t  l o s t  by g a d N Z 'h e a t  t a k e n  up by " N V 'h e a t  t r a n s f e r r e d  
V i n  b u b b le  J  V  s o l i d s  i n  b u b b l e s  V t o  c lo u d  & wake J
Q u a n t i t a t i v e l y  t h i s  i s  w r i t t e n :
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dT dT
V n 1 » '  - " g cp g “b “ 3 ?  ■ < V b < V V
-  V > p , t a ' (W  + <Hb c > b < V V  <2- 50>
L e v e n s p ie l  61 K u n i i  have assum ed t h a t  th e  a p p ro a c h  to  t e m p e r a tu r e
e q u i l i b r i u m  i n  th e  c lo u d  and wake i s  r a p i d  enough t h a t  a d d i t i o n a l
h e a t  t r a n s f e r  t o  th e  e m u ls io n  p h ase  c a n  be n e g l e c t e d .  T hus ,  th e y
s u b s t i t u t e  T = T in  E q u a t io n  ( 2 - 5 0 ) .  However, to  be c o m p le te ly  gc s
g e n e r a l ,  we a l s o  w r i t e  e x p r e s s io n s  f o r  th e  o t h e r  p o t e n t i a l  h e a t  
t r a n s f e r  r e s i s t a n c e s .  P a r t  o f  th e  h e a t  t r a n s f e r r e d  to  th e  c lo u d  
and  wake can  be ta k e n  up by th e  s o l i d s  i n  th e  c lo u d  and wake r e g io n  
and p a r t  o f  i t  can  be t r a n s f e r r e d  to  t h e  e m u ls io n  p h a s e .
D e s c r i p t i v e l y  we say :
/ 'h e a t  t r a n s f e r r e d  to"\ _ I  h e a t  t a k e n  up b y \ + / 'h e a t  t r a n s f e r r e d ^  
c lo u d  and wake J  I s o l i d s  i n  c lo u d  I V to  e m u ls io n  J
\ and  wake I
'  '  (2 -5 1 )
A gain  th e  a n a l y s i s  has  n e g l e c t e d  th e  b u lk  t r a n s p o r t  o f  e n th a lp y  
i n t o  and o u t  o f  t h e  . re g io n  due to  b u lk  f low  o f  t h e  c lo u d  and wake 
m ix tu r e .  T h is  r e l a t i o n s h i p  i s  e x p re s s e d  q u a n t i t a t i v e l y  by:
^  )w(T u - T ) - V  h *a ' ( T  - T  ) +  (H ) , ( T  - T  ) ( 2 - 5 2 )dc b gb gc 'c  p ,m f gc s c e  b gc ge
The " b u b b l in g  bed m odel"  assum es t h a t  a l l  h e a t  t r a n s f e r r e d  
to  th e  em u ls io n  p h ase  i s  t a k e n  up by th e  s o l i d s  i n  i t .  T h is  
a n a l y s i s  n e g l e c t s  b u lk  t r a n s p o r t  o f  e n th a lp y  and  h e a t  t r a n s f e r  w ith
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th e  s u r r o u n d in g s .  The d i s p o s i t i o n  o f  h e a t  t r a n s f e r r e d  from  th e  c lo u d  
and wake reg io n -  i n  m a th e m a t ic a l  te rm s  becomes:
The h e a t  t r a n s f e r  c o e f f i c i e n t s ,  h ^ and h , ,  a c c o u n t  f o rp , t  P»mf
th e  r e s i s t a n c e  to  h e a t  t r a n s f e r  a c r o s s  th e  f l u i d  f i l m  s u r ro u n d in g
i n d i v i d u a l  c a t a l y s t  p a r t i c l e s .  I t  can  be e v a l u a t e d  by a  c o r r e l a t i o n
due Ranz & M a rs h a l l  ( 3 8 ) .  T h is  c o r r e l a t i o n  g iv e s  th e  h e a t  t r a n s f e r
c o e f f i c i e n t , h  .be tw een  th e  s u r f a c e  o f  a  s p h e re  o f  d ia m e te r  d ,
* P ’ P
moving th ro u g h  a f l u i d  w i th  r e l a t i v e  v e l o c i t y  u r  a s :
Nu = = 2 . + 0 . 6 P r 1 /3 R 1 / 2  ( 2 -Jp k ep
8
The P r a n d t l  number, P r ,  h a s  i t s  u s u a l  d e f i n i t i o n ,  and th e  R eynolds  
number f o r  t h i s  i n s t a n c e  i s  d e f in e d  by:
Ig n o r in g  h e a t  t r a n s f e r  r e s i s t a n c e  b e tw een  th e  c lo u d  and  
em u ls io n ,  E q u a t io n  (2 -5 2 )  y i e l d s  a  N u s s e l t  number d e s c r i b i n g  th e  
o v e r a l l  h e a t  t r a n s f e r  from  th e  incom ing  b u b b le s  t o  th e  s o l i d s  i n  th e
(H ). (T -T ) 2 : y  h , a  ' (T  -T ) ce  b gc ge 'e  p ,m f '  ge s (2 -5 3 )
Rep (2 -5 5 )
b e d ,  (Nu ) . * p o
(2 -5 6 )
L e v e n s p ie l  & K u n ii  ( 8 ,3 2 )  have shown t h a t  t h e  above r e l a t i o n s h i p  
s a t i s f a c t o r i l y  c o r r e l a t e s  much o f  th e  d a t a  i n  th e  l i t e r a t u r e  d e a l i n g  
w i th  g a s - s o l i d  h e a t  t r a n s f e r  i n  f l u i d i z e d  b e d s .
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5 .  The "B ubb ling  Bed Model" on C a t a l y t i c  R e a c to r  C o n v e rs io n  
K un li  & L e v e n s p le l  ( 5 4 ,3 2 )  have  a n a ly z e d  In  a  s i m i l a r  manner 
t h e  r e l a t i o n s h i p  d e s c r i b i n g  c a t a l y t i c  gas  r e a c t i o n s  i n  i s o th e r m a l
f l u i d i z e d  b e d s .  B efo re  d i s c u s s i n g  t h i s  a p p l i c a t i o n ,  we w i l l  f i r s t  
make an unambiguous d e f i n i t i o n  o f  r e a c t i o n  r a t e  f o r  t h e  c a t a l y t i c  
r e a c t i o n .  Many i n d u s t r i a l l y  im p o r ta n t  c a t a l y t i c  gas p h a s e  
r e a c t i o n s  can  be a d e q u a te ly  d e s c r ib e d  by a  p s e u d o - f i r s t  o r d e r  r a t e  
e x p r e s s i o n .  W r i t in g  th e  r e a c t i o n  r a t e  e x p r e s s i o n  on t h e  b a s i s  o f  
a  u n i t  volume o f  c a t a l y s t ,  th e  r a t e  i s  e x p r e s s e d  by
w here  Vcafc i s  th e  volume o f  c a t a l y s t  exposed  to  c o n c e n t r a t i o n  C^.
In  th e  c a s e  o f  nonporous  c a t a l y s t s  h a v in g  no mass t r a n s f e r  
e f f e c t s  a c r o s s  th e  f l u i d  boundary  l a y e r ,  Kr  need  on ly  a c c o u n t  f o r  
th e  a c t i v e  c a t a l y s t  s i t e s  on th e  e x t e r i o r  s u r f a c e  S . F u r th e rm o re ,
a l l  c a t a l y s t  s i t e s  a r e  exposed  to  th e  b u lk  s t r e a m  c o n c e n t r a t i o n ,  C ^ b u lk *
I f  th e  b a s i c  r e a c t i o n  v e l o c i t y  f o r  a  s i n g l e  a c t i v e  s i t e  were
k Q, would th e n  be e x p re s s e d  a s ;
In  th e  c a s e  o f  a  p o ro u s  c a t a l y s t  w i th  s u r f a c e  mass t r a n s f e r  e f f e c t s ,
a c t i v e  c a t a l y s t  s i t e s  l o c a t e d  o v e r  th e  e n t i r e  s u r f a c e  (S ) and
t o t
m ust a l s o  a c c o u n t  f o r  th e  r e s i s t a n c e  t o  mass t r a n s f e r  b o th  o u t s i d e  
t h e  c a t a l y s t  p a r t i c l e  a s  w e l l  a s  i n s i d e  th e  q a t a l y s t  p o r e s .
F ig u r e  I I - 5  i l l u s t r a t e s  th e  two d i f f e r e n t  c o n c e n t r a t i o n  g r a d i e n t s  t h a t
Vc a t
1 (2 - 5 7 )
Kr (2 -5 8 )
t h e  r a t e  c o n s t a n t ,  Kr , must a c c o u n t  f o r  th e  t o t a l  p o p u l a t i o n  o f
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F l u i d  F ilm
C a t a l y s t
P a r t i c l e
A, b u lk
A .surface*
bulk
s u r f a c e
+00
Bulk and S u r f a c e  C o n c e n t r a t i o n s  and T em pera tu re s  
f o r  a P orous  C a t a l y s t  P a r t i c l e
FIGURE I I - 5
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can  e x i s t  f o r  a  po ro u s  c a t a l y s t  p a r t i c l e .  O b v io u s ly , ,  an  a c t i v e  
c a t a l y s t  s i t e  i n  th e  i n t e r i o r  o f  th e  p a r t i c l e  w i l l  induce  a 
d i f f e r e n t  r a t e  o f  c o n v e r s io n  b e ca u se  i t  " s e e s "  a  low er  c o n c e n t r a t i o n  
th a n  an  a c t i v e  s i t e  on t h e  g eo m e tr ic  s u r f a c e .  T h is  p rob lem  h a s  been  
hand led  in  th e  l i t e r a t u r e  by d e f in i n g  an  e f f e c t i v e n e s s  f a c t o r ,  Tj,
(4 7 ,  4 8 ,  4 9 ) .  Jouven  (4 8 )  has  d e f in e d  an e f f e c t i v e n e s s  f a c t o r ,  T^, 
b a sed  on th e  b u lk  s t re a m  c o m p o s i t io n  and  t e m p e r a tu r e ,  C. andn  j DUIK
^bulk* e f f e c t *v e n e s s  f a c t o r  p e rm i t s  one t o  e v a l u a t e  th e  n e t
c o n v e r s io n  o f  a  c a t a l y s t  p a r t i c l e  i n  te rm s o f  th e  b u lk  c o m p o s i t io n  
s u r ro u n d in g  th e  p a r t i c l e ,  b u lk '  T hus , i n  th e  c a s e  o f  a  po ro u s
c a t a l y s t  w ith  mass t r a n s f e r  e f f e c t s ,  we w r i t e :
TL k S_ _
Kr  = -  °  t 0  (2 -5 9 )
c a t
Using t h i s  d e f i n i t i o n  o f  Kr> th e  a p p r o p r i a t e  c o n c e n t r a t i o n  te rm  f o r  
E q u a t io n  (2 -5 7 )  i s  th e  b u lk  c o n c e n t r a t i o n ,  b u l k ’
A t any l e v e l  i n  th e  r e a c t o r ,  th e  o v e r a l l  d i s a p p e a r a n c e  o f  th e  
r e a c t i v e  s p e c i e s  must be a c c o u n te d  f o r  i n  te rm s  o f  r e a c t i o n  i n  
t h e  b u b b le  and t r a n s f e r  t o  th e  c lo u d  and  wake, th u s
/ '  o v e r a l l  _ ' " r e a c t i o n  in  A + / " t r a n s f e r  to  \  (2 -6 0 )
^ .d i s a p p e a ra n c e /  V b u b b le  J  V c loud  & wake/
T h is  i s  e x p re s s e d  q u a n t i t a t i v e l y  a s :
’“b d z ^  = YbKrCAb + (Kb c V CAb“CAc* (2 -6 1 )
dCAU dC,Ab
d6
N e g le c t in g  b u lk  t r a n s p o r t  i n  t i e  c loud  and wake, one w r i t e s :
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y t r a n s f e r  t o ' \  _ A r e a c t i o n  in  \  +  y t r a n s f e r  t o  \  ( 2 - 6 2 1
V c lo u d  & wake' V c lo u d  & w a k e y  ^  e m u ls io n  J
w hich l e a d s  t o  th e  e x p r e s s io n
(Ku )u (CiU-CA ) -  y K C. + (K ), (C. -CA ) 
d c  b Ab Ac 'c r  Ac ce  b  Ac Ae (2 -6 3 )
Assuming t h a t  t h e  m a t e r i a l  t r a n s f e r r e d  to  th e  e m u ls io n  i s  c o m p le te ly  
c o n v e r t e d ,  we o b ta in :
(K ), (C. -C. ) — V K C ce  b Ac Ae e r  Ae (2 -6 4 )
The o v e r a l l  r e a c t i o n  r a t e  c o e f f i c i e n t ,  (K )^ ,  i n  E q u a t io n  (2 -6 1 )  
i n c lu d e s  a l l  th e  above m en tioned  m echanism s. I f  C^c and C^ a r e  
e l im i n a t e d  from E q u a t io n s  ( 2 - 6 1 ) ,  ( 2 - 6 3 ) ,  and ( 2 - 6 4 ) , th e  o v e r a l l  
d im e n s io n le s s  r a t e  g roup  f o r  th e  b e d ,  K.^, i s  d e f in e d  as
K,
r  L K
Yb + K
Vc + K
r  +  1
<Kce>b Ye
(2 -6 5 )
S u b s t i t u t i n g  (Kr )b i n  te rm s  o f  Kf  i n t o  E q u a t io n  ( 2 - 6 1 ) ,  th e  o v e r a l l  
c o n v e r s io n  can be  d e te rm in e d  by i n t e g r a t i n g  E q u a t io n  (2 -6 1 )  to  
o b t a in :
-K.
1-XA = e A ( 2- 66)
E q u a t io n  (2 -6 6 )  does n o t  in c lu d e  th e  c o n t r i b u t i o n  o f  th e  e x i t  com­
p o s i t i o n  o f  e i t h e r  th e  c lo u d  and wake g as  o r  th e  e m u ls io n  g as  i n  c a l ­
c u l a t i n g  o v e r a l l  c o n v e r s io n ,  X .
L e v e n s p ie l  & K u n i i  d e m o n s t ra te d  t h a t  th e  c o n v e r s io n  p r e d i c t e d  by 
E q u a t io n  (2 - 6 6 )  s a t i s f a c t o r i l y  m ode ls  much o f  t h e  e x p e r im e n ta l  
f i n d i n g s  from T ab le  I I - 4 .  In  o r d e r  t o  make such  c o m p a r is o n s ,  th e y  
found i t  n e c e s s a r y  t o  make j u d i c i o u s  e s t i m a t e s  o f  th e  b u b b le  
d ia m e te r  p r e v a i l i n g  s in c e  most o f  t h e  i n v e s t i g a t o r s  d id  n o t  
m easure  i t .  The b u b b le  d ia m e te r s  u sed  i n  th e  d a t a  a n a l y s i s  were 
c h a r a c t e r i s t i c  f o r  th e  ty p e  o f  e x p e r im e n ta l  eq u ip m en t u sed  and  th e  
e x p e r im e n ta l  c o n d i t i o n s .
I n  summary, L e v e n s p i e l  & K u n i i  have shown t h a t  t h e  " b u b b l i n g  
bed model" i s  a b l e  t o  c o r r e l a t e  d a t a  d e s c r i b i n g  h e a t  and mass t r a n s ­
f e r  and i s o t h e r m a l  c a t a l y t i c  r e a c t i o n s  i n  f l u i d i z e d  b e d s .  
A d d i t i o n a l l y ,  i t  has  b een  shown t h a t  t h i s  model i s  c o n s i s t e n t  w i th  
e x p e r i m e n t a l  f i n d i n g s  on s o l i d s  m ix in g  and gas  movement.
The " b u b b l i n g  bed  model" i s  l i m i t e d  t o  t h e  d e s c r i p t i o n  o f  
b u b b l i n g  f l u i d i z e d  b e d s  i n  which b u b b le  d i a m e t e r  i s  u n d e r  s t r i c t  
c o n t r o l .  I t  i n  no way com pensa te s  f o r  t h e  e f f e c t s  o f  s l u g g i n g .
In  p a r t i c u l a r ,  E q u a t io n  (2 -6 6 )  a p p l i e s  s p e c i f i c a l l y  t o  the  i s o th e r m a l  
f l u i d i z e d  bed  e f f e c t i n g  a f i r s t  o r d e r  c a t a l y t i c  r e a c t i o n .
I n  o r d e r  t o  s tu d y  m u l t i p l i c i t y , i t  i s  n e c e s s a r y  t o  have a model 
d e s c r i b i n g  t h e  n o n - i s o t h e r m a l  r e a c t o r .  I n  t h e  n e x t  c h a p t e r , a  model 
w i l l  be  d e r i v e d  which draws on th e  " b u b b l i n g  bed  model" r e s u l t s  
to  d e s c r i b e  t h e  n o n - i s o t h e r m a l  f l u i d i z e d  bed r e a c t o r  i n  which a 
h i g h l y  ex o th e rm ic  r e a c t i o n  i s  t a k i n g  p l a c e .
TABLE I I - 4
Experimental Studies of Catalytic 
Reactions In Fluidized Bede
Investigator Reaction Bed Feed Catalyet
Gee Velocity 
(cm/sec)







L ■ 26-32cm m
220-250“C,~latm.
0.1 mol fraction 
of NH,
alumina 
d - 0.1-0.18a 
P











air or oxygen 




u ^ 0.5-4.5 o
u 0.3-0.7
0.005-0*015









u “ 1.53-24.4 ' about 1o
u .» 0.6 mf




dt - 5.08-76.2cm 
29.4“C
0.03 mol I 
0j in air
rod mill scale 


















u “ 5-46 o










-  1: 2:1
u - 4-18omicrospherlcalV-A1203 impregnated u 0 8  
with NajCOj
K - 10-28













u . - 0.43 
mf
0.06-7




d^ » 7.62cm 
L « 2.5-24cm 
427"C, latm
pure cumene sillca-alumlna 
0.074-0.147mm
u - 1.83-7.32 o about 0.7
TABLE 11 -4  ( C o n t ' d )
Investigator Reaction Bed Feed
Masainllla & Johnstone oxidation of d£ - 11.4cm 101 HHj
(10) ammonia L /d - 1 .7 -5 .1  90X 0,B b L
250“C,840nm Hg
Kobayashl et al. decomposition “ **.3 and 2 0cn air Including ,
ppm
(16) of ozone, and , _ 9 .4 .100cm °3* 250*800
step tracer 
expt.
Mohr & Lunge dehydration d - 3cm 1-C.H.0H
(54) of lsopropyl
alcohol 200-500°C
1^  - 1.1-25.2cm
Iwasakl et al. decomposition d « 7.6ca 10X cumene in
(6 ) ° £ CUnene 400-500*0 ®2
L — 7.6cm m
Calderbank et al. decomposition d « 15.2,45.8cm 150-200 ppm of
(55) of ozone 2Q.90,C O3
L - 2 4 .4 -113cm
IB
Catalyst
Cas Velocity K (1-CB) - K_ 
(cm/sec) (l/sec)
alumina u -  2-16 about 0.086
d - 0.105mm 0 A „p ub£-  0.27
silica gel u - 3-33 0.15-2.25
dp - 0.214mm • y  i
(dt-8.3cm) (5t-8 .3c«)
> 0.194m u ,> 2.1
(dt-20cm) (dt-2 0cm)





slllca-alumlna u >.2.5-16 0.2-6. 6
<j - 0.1-0.15m 0
P  U ■ 0.18
mf
d - 0.083-0. 192m u  - 1.61-8.65 R - 0.4-21 p o m
u -  0.087-3.74  mf
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CHAPTER I I I  
DERIVATION OF MATHEMATICAL MODEL
The m a th e m a t ic a l  m odels  d i s c u s s e d  i n  C h a p te r  I I  d e a l t  w i th  
i s o th e r m a l  f l u i d i z e d  b e d s .  What happens  i f  th e  r e a c t i o n  b e in g  
c a r r i e d  o u t  i s  v e ry  e x o th e r m ic ,  o r  th e  r e a c t o r  i s  o p e r a t e d  a d i a -  
b a t i c a l l y  o r  a u t o t h e r m a l l y ? In  t h e s e  c a s e s , t h e  h e a t  e f f e c t s  w i t h i n  
t h e  r e a c t o r  u s u a l l y  c a n n o t  be  n e g l e c t e d .  The o b j e c t  o f  t h i s  
work i s  t o  s tu d y  m u l t i p l i c i t y  o f  s te a d y  s t a t e s  a n d ,  a s  van H eerden 
(1 )  p o in t e d  o u t ,  two o f  th e  n e c e s s a r y  c o n d i t i o n s  f o r  m u l t i p l i c i t y  
a r e  fe e d b a c k  o f  th e rm a l  en e rg y  w i t h i n  a  sy s tem  and an  e x o th e rm ic  
r e a c t i o n .  A th e rm a l  e n e rg y  fee d b a c k  i s  known t o  e x i s t  i n  th e  a u t o -  
th e rm a l  r e a c t o r  (1 )  i f  t h e  r e a c t i o n  i s  e x o th e r m ic .  T h e r e f o r e ,  th e  
a u t o th e r m a l  gas f l u i d i z e d  bed w i l l  be s e l e c t e d  f o r  t h i s  r e s e a r c h ,  
and i n  t h i s  c h a p t e r ,  i t s  m a th e m a t ic a l  model w i l l  be d e v e lo p e d .
As p o in t e d  o u t  e a r l i e r ,  E q u a t io n  (2 - 6 6 )  o f  th e  " b u b b l in g  bed 
m odel"  i s  l i m i t e d  t o  th e  c a s e  o f  an  i s o t h e r m a l ,  s te a d y  s t a t e ,  
f i r s t  o r d e r  c a t a l y t i c  r e a c t i o n .  U sing  t h e  b u b b l in g  model p o s t u l a t e s  
g iv e n  i n  C h a p te r  11^ w hich have been  shown to  a d e q u a te l y  d e s c r i b e  
bo th  th e  g as  f lo w  p a t t e r n  and  s o l i d s  m ix in g  i n  f l u i d i z e d  b e d s ,
a  model w i l l  be d e v e lo p ed  w hich com bines  th e  " b u b b l in g  bed m odel"  
d e s c r i p t i o n  o f  h e a t  t r a n s f e r ,  mass t r a n s f e r ,  and  c a t a l y t i c  r e a c t o r  
c o n v e r s io n  f o r  a p p l i c a t i o n  t o  b o th  th e  s t e a d y  s t a t e  and u n s te a d y  
s t a t e  a u to th e r m a l  c a s e s .  The model o b ta in e d  in c lu d e s  te rm s  d e ­
s c r i b i n g  b u lk  t r a n s p o r t  o f  mass and en e rg y  i n  th e  c lo u d  and  wake
1 The b u b b l in g  bed p o s t u l a t e  can  be found on pages  (54) th ro u g h  
( 5 8 ) ,  i n c l u s i v e l y .
r e g i o n  and  th e  em u ls io n  p h ase  t h a t  w ere n e g l e c t e d  i n  t h e  " b u b b l in g  
bed m o d e l" .  I t  w i l l  be shown t h a t  t h i s  m o d i f ie d  model seems to  
a d e q u a te l y  c o r r e l a t e  th e  i s o th e r m a l  c a t a l y t i c  r e a c t o r  d a ta  
used  by L e v e n sp ie l  & K u n ii  (3 )  t o  v e r i f y  E q u a t io n  ( 2 - 6 6 ) .  I t  w i l l  
be  d e m o n s t r a te d  t h a t  th e  g r e a t e r  c o m p le x i ty  o f  th e  m o d if ie d  v e r s i o n  
o f  th e  " b u b b l in g  bed m odel"  d e v e lo p e d  i n  t h i s  c h a p t e r  i s  j u s t i f i e d  
b e c a u se  i t  s i m p l i f i e s  t h e  m a th e m a t ic a l  s o l u t i o n  o f  t h e  a u t o ­
th e rm a l  p rob lem , w hich i s  o f  p r im a ry  i n t e r e s t  i n  t h i s  r e s e a r c h .
A. A u to th e rm a l  R e a c to r  O p e ra t io n
F o r  th e  c a s e  i n  w hich an  e x o th e rm ic  r e a c t i o n  i s  b e in g  c a r r i e d  
o u t ,  i t  i s  som etim es p o s s i b l e  t o  o p e r a t e  i n  such  a way t h a t  no 
e x t e r n a l  h e a t  s o u rc e  i s  r e q u i r e d  to  m a in ta in  t h e  r e a c t i o n .  In  
t h e s e  c a s e s , t h e  h e a t  g e n e r a te d  due t o  r e a c t i o n  i s  j u s t  s u f f i c i e n t  
t o  b r i n g  th e  c o ld  f e e d  up to  th e  r e a c t o r  t e m p e r a tu r e .  T h is  i s  
r e f e r r e d  to  a s  a u to th e r m a l  o p e r a t i o n  ( 2 ) .
The economic a d v a n ta g e s  o f  a u to th e r m a l  o p e r a t i o n s  a r e  o b v io u s .  
The d i r e c t  u t i l i z a t i o n  o f  th e  h e a t  o f  r e a c t i o n ,  which i n  most c a s e s  
m ust be removed i n  o r d e r  to  m a in ta in  r e a c t o r  c o n t r o l ,  can  le a d  to  
c o n s i d e r a b l e  s a v in g s  i n  p l a n t  en e rg y  r e q u i r e m e n t s .
In  d e s ig n in g  an  a u to th e r m a l  r e a c t o r ,  one sh o u ld  ta k e  f u l l  
a d v a n ta g e  o f  th e  e x c e l l e n t  i n t e r n a l  h e a t  t r a n s f e r  c a p a b i l i t i e s  o f  
th e  g a s  f l u i d i z e d  b e d .  I t  i s  n o rm a l ly  o b s e rv e d  t h a t  h e a t  t r a n s f e r  
r a t e s  w i th i n  a  bed a r e  many t im e s  g r e a t e r  th a n  h e a t  t r a n s f e r  r a t e s  
be tw een  th e  bed and s u r f a c e  e x c h a n g e rs  ( 3 ) .  Thus, c o ld  fe e d  can  
be i n t r o d u c e d  i n t o  t h e  r e a c t o r  which w i l l  r a p i d l y  exchange h e a t
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t o  a t t a i n  r e a c t i o n  t e m p e r a tu r e .  I n  a d d i t i o n  to  e n e rg y  economy, t h i s  
d e s ig n  a v o id s  th e  c o s t  o f  s u r f a c e  h e a t  t r a n s f e r  eq u ip m en t.  I t  
i s  t h i s  v e r s i o n  o f  th e  a u to th e r m a l  r e a c t o r  t h a t  w i l l  be m ode led .
B. D e r iv a t io n  o f  th e  M a th e m a tic a l  Model -  A M o d i f i c a t io n  o f  th e  
"B ubb ling  Bed Model11
In o r d e r  t o  d ev e lo p  a  q u a n t i t a t i v e  d e s c r i p t i o n  o f  th e  b a tc h
g as  f l u i d i z e d  bed i n  a u to th e r m a l  o p e r a t i o n  th e  c o n s e r v a t i o n  laws
f o r  mass and en e rg y  w i l l  be a p p l i e d  to  th e  d i f f e r e n t i a l  s e c t i o n  o f
a  gas  f l u i d i z e d  bed i l l u s t r a t e d  i n  F ig u re  I I I - l .
In  F ig u re  I I I - l , t h e  b u b b le  p h a s e ,  d e p i c t e d  a s  a  c y l i n d r i c a l
r e g io n  o f  volum e, V^, r e p r e s e n t s  t h e  a g g r e g a t e  o f  b u b b le s  i n  th e
b e d .  V, i s  e q u a l  t o  th e  combined volume o f  th e  e n t i r e  p o p u la t i o n  b
o f  b u b b le s .  T h is  r e g io n  h as  a l l  t h e  p r o p e r t i e s  a t t r i b u t e d  to  
b u b b le s  i n  t h e  b u b b l in g  bed p o s t u l a t e s ,  BP1, BP2, BP3, BP4, BP5.
The volume o f  g as  i n  th e  b u b b le  p h a se  i s  d e f in e d  by:
The f r a c t i o n  o f  bed  o cc u p ie d  by b u b b le s ,  6, i s  g iv e n  by E q u a t io n  
(2 -2 6 )  o f  P o s t u l a t e  BP5.
The v e l o c i t y  o f  gas r i s i n g  th ro u g h  th e  b u b b le  p h a s e ,  u ^ ,  w i l l  be 
e v a lu a te d  from E q u a t io n  (2 - 1 7 )  o f  BP1 and E q u a t io n  (2 -2 1 )  o f  BP3.
Knowing and u ^ ,  th e  v o lu m e t r i c  f low  o f  gas  th ro u g h  th e  b u b b le  
phase  can be w r i t t e n  a s
V,b 6 Vt ( 3 - 1 )
( 3 - 2 )
Cloud and Wake 
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(  f lo w  o f  g a s  th ro u g h  ^  „  A , 3 ,v
V b u b b le  p h a s e ,  c n r / s e a /  d fb  '  '
w here I s  d e f in e d  a s  a n  open f lo w  a r e a  f o r  b u b b le  gas
6V
Afb -  ( 3 - 3 . )
In  F ig u re  I I I - l ,  th e  c lo u d  and  wake r e g io n  i s  composed o f  an  
a g g r e g a t e  o f  th e  c loud  and  wake p o r t i o n s  o f  r i s i n g  b u b b le s  a s  
d e s c r ib e d  by P o s t u l a t e s  BP1 and EP1. E q u a t io n  (2 -1 8 )  o f  p o s t u l a t e  
BPl p ro v id e s  an  e s t i m a t e  o f  th e  s p h e r i c a l  r a d i u s ,  R^, o f  a c lo u d  
s u r r o u n d in g  a  b u b b le  o f  r a d i u s  R^. Thus, th e  r a t i o  o f  th e  volume 
o f  a  c lo u d  to  t h e  volume o f  th e  b u b b le  i t  s u r ro u n d s  i s  g iv e n  by 
(a ssu m in g  s p h e r i c a l  b u b b le s )
4 3 4 3-  n  R - rrr R, ul + 2ufV = 3---- c— 3----- = _2E-------- f _  .  ! (3 _4)
4 3 V  " u f
317 h
The e x t e n t  o f  t h e  wake volume must be m easured  e x p e r i m e n t a l l y .  A 
c o n v e n ie n t  i n t e n s i v e  m easu re  o f  wake volume can  be d e f in e d  by:
^ volume o f  t r a i l i n g  \
wake__________ J  (3 -5 1
® volume o f  b u b b le
E q u a t io n  (2 -2 7 )  c o r r e l a t e s  e x p e r im e n ta l  v a l u e s  o f  d  a s  a  f u n c t i o n  
o f  p a r t i c l e  d i a m e te r ,  d ^ ,  f o r  i r r e g u l a r  sand  p a r t i c l e s .  For la c k  
o f  e x p e r i m e n t a l ly  d e te rm in e d  v a lu e s  o f  Of, t h i s  c o r r e l a t i o n  w i l l  be 
u sed  to  e s t i m a t e  ol in  t h i s  r e s e a r c h .
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The t o t a l  volume o f  c lo u d  and wake p h ase  can  be d e te rm in e d  by 
com bin ing  th e  two c o n t r i b u t i o n s ,  each  o f  which a r e  on a  p e r  u n i t  o f  
b u b b le  volume b a s i s ,  a n d  m u l t i p l y i n g  by th e  t o t a l  volume o f  b u b b le  
p h a s e .
'  volume o f  c lo u d  ^  _  
v  and wake p h ase ,cm  y  c '  t
As s t a t e d  i n  p o s t u l a t e s  BP1, and EPl and i l l u s t r a t e d  i n  F ig u r e  11-4 
gas  c i r c u l a t e s  a t  t h e  r a t e  q th ro u g h  th e  ro o f  o f  th e  b u b b le s  and 
back th rough  th e  c lo u d  and wake. C o n t i n u i ty  th e n  r e q u i r e s  t h a t  th e  
v e l o c i t y  o f  g as  i n  t h e  c lo u d  and wake be u ^ .  In v o k in g  the  
a rg u m en ts  o f  E P l ,  i t  w i l l  be assumed t h a t  th e  c lo u d  and wake r e g io n  
i s  m e re ly  p a r t  o f  t h e  e m u ls io n  p h a s e ,  h e n c e ,  i t  h a s  th e  same v o id  
f r a c t i o n ,  Ce « F o llo w in g  th e  a rgum en ts  o f  L e v e n s p ie l  & K u n i i ,  
w hich a r e  r e l a t e d  i n  p o s t u l a t e  BP5, t h e  v o id a g e  in  th e  e m u ls io n  
p h ase  €g , w i l l  be s e t  e q u a l  t o  the  v o id a g e  a t  minimum f l u i d i z a t i o n .
€ = C .  ( 3 - 7 )e mf
The open flow  a r e a  f o r  gas  c i r c u l a t i n g  th ro u g h  th e  c lo u d  and 
wake r e g io n  can  be d e f in e d  u s in g  E q u a t io n  ( 3 - 6 ) .
€ ( v  - t o ) 6 y
Afc  -  -------£ ( 3 - 8 )
The v o lu m e t r i c  f low  o f  gas  th ro u g h  th e  c lo u d  and wake r e g io n  i s
th e n  g iv e n  by:
S '  volume o f  gas  e n t e r i n g  "\ _ u ^
n. c lo u d  & wake r e g io n ,c m  / s e c . y  b i u.fc  b L
(3-9)
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F ig u r e  I I I - l  s c h e m a t i c a l l y  i l l u s t r a t e s  t h e  e m u ls io n  phase  
a s  a  c y l i n d r i c a l  r e g io n  a l s o .  The v o lu m e t r i c  f lo w  o f  g a s  i n t o  t h e
em u ls io n  p h ase  i s  e x p re s s e d  a s  th e  p r o d u c t  o f  t h e  l i n e a r  v e l o c i t y
o f  th e  g as  p e r c o l a t i n g  th ro u g h  the  s o l i d s ,  ue> and th e  open  flow
a r e a ,  A .^ .  E q u a t io n  (2 -2 8 )  o f  p o s t u l a t e  EP3 w i l l  be u se d  to
c a l c u l a t e  u . By d i f f e r e n c e ,  th e  volum e o f  th e  bed o c c u p ie d  by e
em uls ion  p h a s e ,  V , i s  e x p r e s s e d  by t h e  r e l a t i o n s h i p
evtV = V -6  v - (V  4tt)6V = (3 -1 0 )
w here: e t  t  c t  L
P = L l-6 -6 (V c 4 a ) ]
E q u a t io n  (3 -1 0 )  y i e l d s  an  e s t i m a t e  o f  th e  open f low  a r e a  i n  th e  
em u ls ion  p h a s e ,  A^e ,
. €mfVe _ €m f^Vt  . . .
Af .  * ----- ---------------- l —  < 3 ' n )
Thus, th e  volume o f  g as  e n t e r i n g  th e  em u ls io n  r e g io n  i s :
volume o f  g as  e n t e r i n g  A u = €mf^Vt u ( 3 - 1 2 )
V. e m u ls io n  p h a s e ,  cm / s e c . J  f e  e L e
F ig u r e  I I I - l  i n d i c a t e s  t h a t  an  i n t e r c h a n g e  o f  gas an d  ene rgy
e x i s t s  be tw een  th e  b u b b le  and  c lo u d  and  wake and  be tw een  the
c loud  and wake r e g io n  and e m u ls io n  p h a s e .  T hese  i n t e r c h a n g e s  w i l l
be d e s c r ib e d  by t h e  " b u b b l in g  bed m ode l"  p a ra m e te r s  ^KCe ^ b '
(H, ), , and (H ), g iv e n  by E q u a t io n s  ( 2 - 1 1 ) ,  ( 2 - 1 4 ) ,  ( 2 - 1 5 ) ,  and  tjc b ce b
( 2 - 1 6 ) ,  r e s p e c t i v e l y .
The gas flow p a t t e r n  i n  each  p h a s e  w i l l  be  modeled a s  p lug  
f low  accom panied by th e  in t e r p h a s o  t r a n s p o r t  j u s t  m en tio n ed .
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I n  a c c o rd a n c e  w i th  th e  a rg u m en ts  o f  c a t a l y s t  t e m p e ra tu r e  u n i f o r m i ty  
d i s c u s s e d  i n  C h a p te r  I I ,  i t  w i l l  be  assumed t h a t  th e  b a tc h  o f  
c a t a l y s t  i n  th e  bed  i s  i n  backmix f lo w .  T h is  a s su m p tio n  i s  a l s o  
u sed  i n  t h e  " b u b b l in g  bed m odel" . T h is  im p l ie s  o f  c o u r s e ,  t h a t  
t h e r e  w i l l  be no c a t a l y s t  t e m p e r a tu r e  p r o f i l e ,  i . e . ,  Tg = c o n s t a n t .
1. M a t e r i a l  B a lan ces
A. s p e c i e s  c o n t i n u i t y  e q u a t io n  can  be d e r iv e d  f o r  th e  
d i f f e r e n t i a l  s e c t i o n  be tw een  z and z+Az d e p ic te d  in  F ig u re  I I I - l  
f o r  each o f  the  f l u i d  p h a se s  of t h e  model. The d e r i v a t i o n  o f  th e  
s p e c i e s  c o n t i n u i t y  e q u a t io n  fo r  t h e  bubb le  phase  w i l l  be d e t a i l e d .
The d e r i v a t i o n  o f  th e  rem a in in g  m a t e r i a l  b a la n c e s  and  th e  en e rg y  
b a la n c e s  w i l l  be  b r i e f  b e c a u se  th e y  a r e  s i m i l a r .
The on ly  i n p u t  s o u rc e  o f  r e a c t a n t  A moving i n t o  th e  c o n t r o l  
volume o f  F ig u re  I I I - l  i s  due to  t h i s  b u lk  t r a n s p o r t  o f  A
/" b u lk  t r a n s p o r t  o f  = A u C . I (3-131
V  A a t  z ,  g m -m o le /se c . J  fb b a b jz
The r e a c t a n t  c o n t e n t  in  th e  d i f f e r e n t i a l  s e c t i o n  i s  d e p l e t e d  due
t o :  ( i )  bu lk  t r a n s p o r t  a t  z+Az
f  bu lk  t r a n s p o r t  o f  A 'A = . i (3-141
V a t  z+Az, g m -m o le s /s e c .y  fb %
( i i )  i n t e r c h a n g e  w ith  t h e  c loud  and  wake r e g io n
S  r a t e  o f  I n te r c h a n g e  j  .  ) h (C .„ -C . ) . (3 -1 5 )
V o f  A, g m -m o le s /s e c . J  fb  T>c b Ab Ac
a n d ,  ( i i i )  consum ption  by th e  c h e m ic a l  r e a c t i o n .  The r a t e  o f  
consum ption  o f  A i n  the  c o n t r o l  s e c t i o n  i s  depen d en t on th e
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c o n c e n t r a t i o n ,  and  th e  volume o f  c a t a l y s t  p a r t i c l e s  i n  i t .  The
volume o f  c a t a l y s t  i n  th e  c o n t r o l  s e c t i o n  be tw een  z and z+Az i s
f  volume o f  c a t a l y s t  i n  'S _
v  c o n t r o l  vo lum e, cm^ J  b fb  ^
I f  r ^  i s  th e  b a s i c  c a t a l y t i c  c o n v e r s io n  r a t e  d e f in e d  by E q u a t io n  
( 2 - 5 7 ) ,  th e  consum ption  r a t e  f o l lo w s  from E q u a t io n s  (2 -5 7 )  and 
(3 -1 6 )
r a t e  o f  c o n s u m p t io n \
in  c o n t r o l  vo lum e, I = yK A ^A Z r^  (3 - 1 7 ;
g m -m o les /sec .  I
In  g e n e r a l ,  r ^  i s  a  f u n c t i o n  o f  th e  o r d e r  o f  r e a c t i o n ,  th e  
c o n c e n t r a t i o n  o f  r e a c t a n t  a t  an  a c t i v e  c a t a l y s t  s i t e ,  and th e  
te m p e ra tu r e  a t  th e  c a t a l y s t  s i t e .  The t e m p e ra tu r e  dependence o f  
r e a c t i o n  r a t e  w i l l  be h a n d le d  i n  th e  u s u a l  manner by th e  A r r h e n iu s  
e x p r e s s io n  (2 )
k (T g ) = ko exp(‘R ^ ) (3 -1 8 )
s
where T i s  th e  t e m p e ra tu r e  o f  th e  r e a c t i n g  g a s .  I f  s i g n i f i c a n ts
h e a t  and mass t r a n s f e r  r e s i s t a n c e s  e x i s t  a c r o s s  th e  f l u i d  f i lm
s u r ro u n d in g  a  c a t a l y s t  p a r t i c l e  and w i t h i n  i t s  p o ro u s  s t r u c t u r e ,
c o n c e n t r a t i o n  and  te m p e ra tu r e  p r o f i l e s  l i k e  th o s e  in  F ig u re  I I - 5
may r e s u l t .  T h is  s i t u a t i o n  w i l l  be  h an d le d  i n  te rm s o f  th e  b u lk
ph ase  e f f e c t i v e n e s s  f a c t o r ,  T^, d e f in e d  by E q u a t io n  ( 3 - 1 9 ) .
f  a c t u a l  c o n v e r s io n  o f  f l u i d  ^
_ _ v  a t  a  c a t a l y s t  p a r t i c l e _____ J
b ~ / c o n v e r s io n  t h a t  would r e s u l t  i f \
CA* b u lk  & Tb u lk  «
\ a l l  a c t i v e  c a t a l y s t  s i t e s
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U sing  T^, rA can th e n  be w r i t t e n  i n  te rm s  o f  b u lk  phase  con ­
c e n t r a t i o n  and t e m p e r a tu r e ,  CA b u l k ( z ) and Tb u l k ( z )> S u b s t i t u t i n g  
E q u a t io n  (3 - 1 8 )  i n t o  E q u a t io n  (2 - 5 9 )  one o b t a i n s  t h e  a p p r o p r i a t e
r a t e  c o n s t a n t ,  Kr , f o r  E q u a t io n  ( 2 - 5 7 ) .
U  S. k  -
Kr  = A _ E 2 L o-------------S u lk  ( 3 . 2 0 .
c a t
U sing  Kr  from  E q u a t io n  ( 3 - 2 0 ) ,  th e  r e a c t i o n  r a t e ,  rA> f o r  t h e  pseudo 
f i r s t  o r d e r  r e a c t i o n  on c a t a l y s t  p a r t i c l e s  i n  th e  en v iro n m en t  C. , ,
A f DUXK
T. becomes: b u lk
1____
rA V d0 Kr CA ,b u lk  = c a t  ’
(  \  .V A . )  g E — )  c  (3 -2 1 )
c a t  b u lk  ’
In  a  t y p i c a l  p i l o t  p l a n t  s tu d y  o f  th e  k i n e t i c s  o f  a 
c a t a l y t i c  r e a c t i o n ,  th e  k i n e t i c  r a t e  c o n s t a n t  m easured  would
^  Sfc t  \
commonly g roup  th e  f a c t o r s  T^, k o , and  — J  t o g e t h e r  i n t o  an
c a t
a v e ra g e  v a lu e  o v er  t h e  e n t i r e  b e d ,  K^.
\  -k
K '  = .■t 0 t  ° - (3 -2 2 )r  V _cat
S in c e  i t  would be e x p e c te d  t h a t  1}^  m ig h t depend on th e  i n t e r s t i t i a l
R eyno lds  num ber, R , and th e  c a t a l y s t  p o r o s i t y ,  p ro b a b ly  s t u d i e s
/ ^ ^ to t ^would be made o f  th e  v a r i a t i o n  o f  K7 w i th  R and ( —------- )  tor  ep  v V ycat
g iv e  c o n f id e n c e  to  a  s c a l e - u p .  B u t,  f o r  a  g iv e n
8 6
— -----  / and w i l l  be e x p r e s s e d  by th e  r e l a t i o n s h i p
c a t  y
\  -  K ) cA ,b u ik  <3- 23>b u lk
i n  which K 7 i s  c o n s t a n t  o v e r  th e  e n t i r e  b e d .  I f  a  new s e t  o f
r  ' St o t  ' 'c o n d i t i o n s ,  i . e . ,  —----- J  and R , a r e  m odeled , a  new v a lu e  o f
c a t  ei>
K '  must be d e te rm in e d .  E l im i n a t i n g  r .  f rom  E q u a t io n  ( 3 - 1 7 ) ,  the  r  a
consum ption  o f  A i s
^ r a t e  o f  consum ption  o f  \  / ’ -AE '
A i n  th e  c o n t r o l  vo lum e, 1 = Y jA ,,K 7 expf — —  )  C 
•% t  I O ID r  >. K1 i sg m -m o le s /s e c .  j  gb
\  /  n - 2 4 )
In  th e  u n s te a d y  s t a t e  t h e r e  may be a n  a c c u m u la t io n  of 
r e a c t a n t  i n  th e  c o n t r o l  volum e.
ab AZ
a \ _  d c ‘(a c c u m u la t io n  o f  A \  _ , ^  Ab . _ .i n  c o n t r o l  vo lum e, Afb “  d6 
g m -m o le s /se c .  J
The d i f f e r e n t i a l  m a t e r i a l  b a la n c e  f o r  t h e  b u b b le  p h a se  i s  d e r iv e d  
by com bin ing  th e  f o r e g o in g  c o n t r i b u t i o n s  and  t a k in g  th e  l i m i t  a s  
AZ -» 0 which le a d s  t o :
3C
-"b 3 ^  - V r  CAb - <*b«)b‘CAb-C*c> = 8 8 ^  <3‘ 26)gb
The i n p u t s  o f  r e a c t a n t  to  th e  c o n t r o l  volume o f  c lo u d  and  wake 
g as  i n  F ig u re  I I I - l  a r e  th e  b u lk  t r a n s p o r t  a t  z ,
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(  a “«  " T - m o W s e c . )  “  Af c V A c | 2 '  <3' 27>
and  th e  i n t e r c h a n g e  w i th  t h e  b u b b le  p h a s e ,
(  Cate ?f  iM .rch .n ge> ) ,  A ) (r  -r  )
V g m -m o le s /s e c .  y  fb dc  b Ab Ac
R e a c ta n t  A le a v e s  th e  c o n t r o l  s e c t i o n  w i th  t h e  f lo w in g  s t r e a m  o f  
gas  a t  z+Az,
r b u lk  t r a n s p o r t  a t  > _ . c  i (3 -2 9  >
V z+Az, g m -m o les /sec  . J  f c 1^ ? Ac|z+Az
and  by i n t e r p h a s e  mass t r a n s f e r  w i th  t h e  e m u ls io n  p h a s e ,  
r a t e  o f  i n t e r c h a n g e  \
w i th  e m u ls io n  p h a s e ,  1 = A f b ^ ^ c e ^ b ^ A c ^ A e ^  (3 -3 0 )
g m -m o le s /s e c .  J
The c h e m ic a l  r e a c t i o n  i n  th e  c o n t r o l  s e c t i o n  removes A a t  th e  r a t e ,
r a t e  o f  consum ption^  _ Ag *v
due to  r e a c t i o n ,  I = Af b AZYcK^ exp(^ — —  J  (3 -3 1 )
g m -m o le s /se c .  I  gc
E q u a t io n  (3 -3 2 )  r e l a t e s  t h e  u n s te a d y  s t a t e  a c c u m u la t io n  i n  th e  
c o n t r o l  vo lum e,
( a c c u m u la t io n  i n \  dCc o n t r o l  vo lum e, 1 = A^AZ — (3 -3 2 )
g m -m o les /sec .  I
The d i f f e r e n t i a l  m a t e r i a l  b a la n c e  f o r  th e  c lo u d  and wake r e g i o n ,  
E q u a t io n  ( 3 - 3 3 ) ,  i s  o b ta in e d  by summing E q u a t io n s  (3 -2 7 )  th rough  
(3 -3 2 )  and  s im p l i f y in g
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<Kbc>b«Ab-cAc) - «.* <V“>-b a r2 - « <  i r - )  cac
gc
-  <Kc e ) b (CA c-CAe> = <3‘ 3 3 >
E q u a t io n s  (3 -3 4 )  and (3 -3 5 )  d e s c r ib e  th e  i n f l u x  o f  r e a c t a n t  
to  th e  c o n t r o l  volume o f  e m u ls io n  p h ase  gas  i n  F ig u re  I I I - l .
( ■  b u lk  t r a n s p o r t  A  .  A c I
\ a t  z ,  g m -m o le s /s e c , s  f e  e Ae z
r a t e  o f  mass t r a n s f e r  
frcra  c lo u d  A wake . .  A
r e g i o n ,  g m -m o le s /s e c .  J  fb  ce  b '  Ac Ae
There  a r e  two mechanisms by w hich th e  r e a c t a n t  l e v e l  i n  t h e  c o n t r o l  
volume i s  d e p l e t e d .  They a r e  b u lk  t r a n s p o r t  a t  z+Az,
(  b u lk  t r a n s p o r t  a t  z+Az,A = a  u C I , (3 -3 6 )
V. g m -m o le s /s e c .  s  f e  e Ae|z+Az
and th e  c h em ica l  r e a c t i o n ,
Arate o f  con su m p tio n  o f  A \  _ A „  R / e ^  c
[ in  e m u ls io n  phase  c o n t r o l J  fb  e r  V rt y  Ae
\ g m -m o les /sec .  J
\  /  ( 3 - 3 7 )
U nsteady s t a t e  a c c u m u la t io n  i n  t h i s  c o n t r o l  volume i s  w r i t t e n  a s :
j  a c c u m u la t io n  o f  A i n  \  dc.
I em u ls ion  p h a se  I = A ^A Z j g ”  (3 -3 8 )
\ c o n t r o l  v o lu m e ,g m -m o le s /se c . /
89
The e m u ls io n  p h a s e  m a t e r i a l  b a l a n c e ,  o b t a in e d  by c o l l e c t i n g  th e  
above c o n t r i b u t i o n s ,  i s
€  , 0  d C .  ^  Ar- N.
(K ), (CA -C. ) -  - 2 ^ -  u __£e _ / / ^ - r - )  C.
ce  b Ac Ae 6 e  dZ Te r  ‘a  RT s  Aege
€ .p  dC.mf Ae .  ~
'  6 a e  ^
The s te a d y  s t a t e  r e a c t o r  c o n v e r s io n ,  X^, i s  u s u a l l y  d e f in e d  
a s  below :
_ r a t e  o f  consum ption  o f  A a t  s t e a d y  s t a t e  ^
A r a t e  o f  A fe e d  to  r e a c t o r  a t  s t e a d y  s t a t e
E q u a t io n  (3 -4 0 )  can  be e v a l u a t e d  i n  te rm s  o f  an  o v e r a l l  m a t e r i a l
b a la n c e  f o r  th e  bed a t  s t e a d y  s t a t e .  The o n ly  i n p u t  o f  A i s  th e
r e a c t o r  f e e d ,
(  r a t e  o f  i n p u t  o f  'N _ A_
n. A , g m -m o le s /s e c .  J  p Ao
8
U n reac ted  m a t e r i a l  l e a v e s  th e  r e a c t o r  i n  th e  e f f l u e n t  a t  th e  r a t e ,  
r a t e  o f  A l e a v in g  \
i n  reactor effluent = ^  tV A b f +fcCAcf+feCAef j (3
gm-moles/sec. j rg
w h e re :
(  f ! Z n t “ ln g  ■) u. A f . p  u 6f  -  V b u b b le  phase  s  _  b fb  g _ b ^
b ^  t o t a l  gas  f lo w ^  u^A^p^ u
th ro u g h  bed )  o t  g o
£ .  ( r j F Z Z L a l a * ) .  v u *  .  (3
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f  g a s . e n t e r i n g  'N
s. emulsion, phase J m ue fe^g = Ue mf£ s  c uiDiuti- WHa»c S  a c tc  K 6 PU. >» AC\
e f  t o t a l  gas  e n t e r i n g  k  u A o u  ^ ‘  ^
v  bed y  o t « o
S in c e  t h e r e  i s  no a c c u m u la t io n  i n  th e  s t e a d y  s t a t e ,  th e  r a t e  o f  
consum ption  due to  r e a c t i o n  i s  o b ta in e d  by d i f f e r e n c e ,  s u b t r a c t i n g  
E q u a t io n  (3 -4 2 )  from E q u a t io n  ( 3 - 4 1 ) .  I f  t h i s  d i f f e r e n c e  i s  su b ­
s t i t u t e d  i n t o  E q u a t io n  (3 -4 0 )  X^,becomes
XA = ^  + £c ^  + f e <3- 4 6 ^Ao Ao Ao
2 . E nergy B a la n c e s
The en e rg y  b a la n c e  m ust a c c o u n t  f o r  t h r e e  s i g n i f i c a n t  th e rm a l  
e f f e c t s  i n  a  b e d :  th e  i n t e r p h a s e  exchange  o f  th e rm a l  ene rgy  a s
r e l a t e d  by t h e  c o e f f i c i e n t s  (H j^ )^  an{* (Hc e )|,  F ig u re  I I I - l ;  
s e c o n d ly ,  th e  h e a t  g e n e r a te d  due to  th e  c h e m ic a l  r e a c t i o n ;  and  
f i n a l l y , a n y  h e a t  exchange  betw een th e  gas  and  c a t a l y s t .  In  g e n e r a l ,  
th e  en e rg y  b a la n c e  would a l s o  i n c lu d e  h e a t  t r a n s f e r  betw een th e  
bed and  a  h e a t  exchange  medium c o n ta in e d  e i t h e r  in  a  c o o l in g  j a c k e t  
o r  i n  v e r t i c a l  tu b e  h e a t  e x c h a n g e r s .  H owever, t h e s e  h e a t  exchange 
mechanisms do n o t  e x i s t  i n  t h e  a u to th e r m a l  r e a c t o r .  The d e r i v a t i o n  
o f  th e  en e rg y  b a la n c e  f o r  each  o f  th e  f l u i d  p h ase  i n  F ig u re  I I I - l  
i s  a n a lo g o u s  to  t h e  d e r i v a t i o n  o f  t h e  m a t e r i a l  b a l a n c e s .
The en e rg y  l e v e l  i n  th e  c o n t r o l  volume o f  b u b b le  phase  i s  
augum ented by t h e  h e a t  g e n e r a te d  i n  th e  c o n t r o l  volume by th e  
ch e m ic a l  r e a c t i o n ,
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(r a t e  o f  h e a t  g e n e r a te d  \  . z' « ae 'Ni n  b u b b le  p h ase  c o n t r o l !  -  AHr v n VhAf . AZK exp( - - — J  C , vo lum e, c a l / s e c .  J rx n  b fb  r  gb'*
(3 - 4 7 )
a n d ,  by th e  b u lk  t r a n s p o r t  o f  e n th a lp y  i n t o  th e  c o n t r o l  volume a t  z ,
(b u lk  t r a n s p o r t  o f  en e rg y  \i n t o  b u b b le  phase  c o n t r o l )  = A - .u ,  p C T , 1 (3 -4 8 )
w  I fb  b r g pg gb fzvolume a t  z ,  c a l / s e c .  I  1
The mechanisms by w hich th e  e n th a lp y  o f  th e  b u b b le  p h ase  
c o n t r o l  volume i s  red u ce d  a r e :  ( i )  b u lk  t r a n s p o r t  o f  en e rg y  a t  z+Az.
(b u lk  t r a n s p o r t  o f  \“ i / f L ! t Z + t e ’ J  ’  Aa V * c p*Ts b |* + t e -  ( 3 - w
( i i )  h e a t  t r a n s f e r  t o  t h e  c a t a l y s t  c o n ta in e d  i n  t h e  c o n t r o l  
vo lum e,
h e a t  t r a n s f e r  t o  \
c a t a l y s t  i n  c o n t r o l !  = A^^AZy^a /hp|J (TgjJ“Tg) , (3 -5 0 )
volum e, c a l / s e c .  J
a n d ,  ( i i i )  i n t e r p h a s e  exchange  o f  en e rg y  w ith  th e  c lo u d  and  wake 
r e g i o n ,
ene rgy  exchange w i th l
c lo u d  & wake r e g i o n , )  = Af b AZ(Hb c ) b (T -T ) ( 3 -5 1 )
c a l / s e c .  I
F o llo w in g  th e  a rg u m e n ts  o f  L e v e n s p ie l  & K u n ii  (3 )  , th e  h e a t  
t r a n s f e r  c o e f f i c i e n t  betw een b u b b le  p h ase  gas  and c a t a l y s t ,  bpb>
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w i l l  be e s t i m a t e d  u s in g  E q u a t io n  (2 - 5 4 )  w i th  th e  r e l a t i v e  v e l o c i t y  
be tw een  th e  g a s  and c a t a l y s t ,  ur » e q u a l  t o  th e  t e r m i n a l  v e l o c i t y  
o f  th e  c a t a l y s t  p a r t i c l e s ,  u t . The f r e e - f a l l  v e l o c i t y ,  u fc, 
can  be  d e te rm in e d  a s  a  f u n c t i o n  o f  p a r t i c l e  d i a m e te r ,  d ^ ,  and  
R eynolds  num ber, Re pP from one o f  th e  f o l lo w in g  e x p r e s s io n s  ( 3 2 ) .
g(p -p )d^
u . «*  S- i a — ^  f ° r  R < 0 ,4  (3 - 5 2 a jt  18p, ep
2 2 1/3  
r  4 < P . -P „ )  8 1
u =  S. . J 5------  . d f o r  0 .4  ^  R <  500 (3 -5 2 b )t  L 225p p, J  P ep J '
8
1/2
u t  = ^  3 - l 8 ( PB~Pg)J  f o r  500 £  Rep £  200 ,000  (3 -5 2 c )
Pg
The u n s te a d y  s t a t e  a c c u m u la t io n  o f  en e rg y  i n  th e  b u b b le  phase  
c o n t r o l  volume i s  a c c o u n te d  f o r  by th e  e x p r e s s io n
I  a c c u m u la t io n  o f  en e rg y  \  ^Teb
( i n  b u b b le  p h a se  c o n t r o l  I = AcuAZp C (3 -5 3 )
I v o lu m e , c a l / s e c . I  “  8 ^  d9
The co m b in a t io n  o f  t h e  above c o n t r i b u t i o n s  can be s i m p l i f i e d  to
y i e l d  th e  en e rg y  b a la n c e  f o r  th e  b u b b le  p h a s e ,
/ f  -AE ^  . STgbY,K expl — — } C , AH - u , p C t - 6 — b r  * \ R T  . y  Ab rx n  Dr g pg dzgb
dT .
-  y . a ' h  (T , -T )-(H , ),  (T , -T ) = p C (3 -5 4 ,’b p , t  gb s dc b  gb gc r g pg d9
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The en e rg y  i n p u t s  t o  a  c o n t r o l  volume o f  c lo u d  and  wake 
p h ase  in c lu d e  b u lk  t r a n s p o r t  a t  z ,
(b u lk  t r a n s p o r t  o f  \en e rg y  i n t o  c lo u d  j  ,  ,
& wake c o n t r o l  s e c t i o n  I f c  b r g pg g c | z
a t  z ,  c a l / s e c .  J
g e n e r a t i o n  by c h e m ic a l  r e a c t i o n ,
(h e a t  g e n e r a te d  by \  /  a f  ' \c h e m ic a l  r e a c t i o n  i n  = j j f - ) P k c ,
c o n t r o l  s e c t i o n , c a l / s e c J  gc
•  ( 3 - 5 6 ;
and en e rg y  exchange  w i th  th e  b u b b le  p h a s e ,
C  en e rg y  in t e r c h a n g e  from  “\  = A ^  W t  -T ) (3 -57^
v  th e  b u b b le  p h a s e ,  c a l / s e c . - '  fb  '  be b gb gc
The e n th a lp y  o f  t h i s  c o n t r o l  s e c t i o n  i s  d im in is h e d  i n  t h r e e  
ways: ( i )  b u lk  t r a n s p o r t  a t  z+Az,
b u lk  t r a n s p o r t  o f  e n e r g y !
to con tro l s e c t io n  a t  J = Af c V g CpgTg c |z+Az’ ( 3 ~58)
z+Az, c a l / s e c .  J
( i t )  h e a t  t r a n s f e r  w i th  th e  c a t a l y s t  i n  th e  c o n t r o l  vo lum e,
r  h e a t  t r a n s f e r  t o  c a t a l y s t  A _ a ,h _T
v  m  c o n t r o l  s e c t i o n , c a l / s e c . y  fb  c pc gc s
(3 -5 9 )
a n d ,  ( i i i )  en e rg y  exchange w i th  t h e  v i c i n a l  em u ls io n  p h ase  g a s ,
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/e n e r g y  exchange  b e tw een  \
I c lo u d  & wake r e g io n  and I = Af . AZ(H ), (T -T ) 
^ e m u ls io n  p h a s e ,  c a l / s e c  . j  ce ®e
The r e l a t i v e  s l i p  v e l o c i t y  be tw een  gas  and c a t a l y s t  p a r t i c l e s  i n
b o th  th e  c lo u d  and wake r e g io n  and em u ls io n  p h ase  w i l l  be s e t
e q u a l  t o  t h e  minimum f l u i d i z a t i o n  v e l o c i t y ,  i . e . ,  ur  =
a s  d i s c u s s e d  i n  C h a p te r  I I .  T h e r e f o r e ,  h i s  e q u a l  t o  h r  a spc p ,m f
c a l c u l a t e d  from E q u a t io n  (2 -5 4 )  s u b s t i t u t i n g  ur  = u ^ i n t o  t h e  
R e y n o ld 's  num ber, Re p*
The a c c u m u la t io n  o f  th e rm a l  en e rg y  i n  t h i s  c o n t r o l  volume i s  
e x p re s s e d  by:
(a c c u m u la t io n  o f  en e rg y  \  dTi n  c lo u d  & wake c o n t r o l  J = A^AZp C ^
volum e, c a l / s e c .  I  8 P8
The d i f f e r e n t i a l  e n e rg y  b a la n c e  f o r  t h i s  r e g io n  r e s u l t s  i f  th e  
above c o n t r i b u t i o n s  a r e  com bined.
Y K7 exp( c * ®  + )u (T  . -T )c r  * \  RT /  Ac rx n  be b gb gc
Sc
dT
-  € C(V 4c0 u, p C v  2|C -  Y a  7h ..(T -T )mf c '  tv g  pg dz Tc p ,m f gc s
dT
- (H ), (T -T ) = £ ,<V 4 « )p  C (3ce  b gc ge mf c pg d9
- 60 )
- 6 1 )
-62)
The ene rgy  i n p u t s  to  t h e  c o n t r o l  volume o f  em u ls io n  i n  F ig u re  
I I I - l  f o l lo w .
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'b u l k  t r a n s p o r t  i n t o
th e  c o n t r o l  volume 1 -  Af e ue Pcc 0 eTe e l z (3
, a t  z ,  c a l / s e c .  I  8 P8 8 I
/e n e rg y  g e n e r a te d  by
/c h e m ic a l  r e a c t i b n  \  .  v t  f  -AE > _ Alf  —  i   i I  V„K expi ) C AHl w i t h i n  c o n t r o l  v o lu m e ,/  fb  Te r  r  RT0e Ae r3<n 
\  c a l / s e c .
(3
^  en e rg y  i n t e r c h a n g e  from
( th e  c lo u d  & wake r e g i o n , )  = A ., AZ(H ), (T -T ) (3
V  c a l / s e c .  J  £b ce  b 80 88
The e n e rg y  l e v e l  o f  t h i s  c o n t r o l  volume i s  r e d u c e d  by two 
m echan ism s. Bulk t r a n s p o r t  a t  z+Az a c c o u n ts  f o r  p a r t  o f  t h e  
en e rg y  l o s s ,
b u lk  t r a n s p o r t  a t V  T , ( J
V z+Az, c a l / s e c .  s  f e  e r g pg ge[z+A z,
and  t r a n s f e r  to  t h e  s o l i d s  i n  th e  c o n t r o l  volume a c c o u n t s  f o r  th e  
r e m a in d e r .
(h e a t  t r a n s f e r  t o  \c a t a l y s t  in  em u ls io n  =  x & y  a ' h  A T  - T )  (3
phase  c o n t r o l  s e c t i o n ,1 fb  'e  p ,m f  ge s
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-67)
The th e rm a l  en e rg y  b u i l d - u p  i n  t h i s  c o n t r o l  s e c t i o n  i s  
e x p re s s e d  by
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(a c c u m u la t io n  o f  \  dTth e rm a l  i n  c o n t r o l !  * A* AZp C (3 -6 8 )
s e c e l o n ,  c a l / s e c .  y  f c  6 P8 d9
E q u a t io n  (3 -6 9 )  i s  th e  e n e rg y  b a la n c e  f o r  th e  e m u ls io n  p h ase  
o b ta in e d  by com bin ing  th e  above  c o n t r i b u t i o n s ,
(H ), (T -T ) +  v k '  exp (  C. AHce b gc g e '  ’e r  RT s  Ae rx nge
€m fP ^ e e-  u p C ■ Y a ' h  _(T -T )6 e g  pg oz e p ,m f ge s
« -P  a r
= - S i f -  p C (3 -6 9 )
6 8 PS
The c a t a l y s t  t e m p e r a t u r e ,  T , i s  d e te rm in e d  f o r  th e  gass
f l u i d i z e d  bed th ro u g h  th e  c o n s t r a i n t  imposed by an  o v e r a l l  e n e rg y  
b a l a n c e .  The i n p u t s  o f  en e rg y  t o  t h e  r e a c t o r  shown i n  F ig u re  I I - l  
a r e  th e  e n th a lp y  c o n t e n t  o f  th e  incom ing g a s ,
(en erg y  c o n t e n t  o f  1incom ing  gas  s t r e a m , !  = m ^ p g ^ 0 ”^ r e f  ^  * (3 -7 0 )
c a l / s e c .  j
and th e  h e a t  g e n e r a te d  by th e  c h e m ic a l  r e a c t i o n ,  H^. In  th e
s te a d y  s t a t e  c a s e ,  H i s  n o rm a l ly  w r i t t e n  i n  te rm s  o f  t h e  s t e a d yG
s t a t e  c o n v e r s io n ,  X^, a s  f o l l o w s :
H = Q C, X4 (3 -7 1 )G Ao A
However, i n  th e  u n s te a d y  s t a t e  s i n c e  may b e  a  f u n c t i o n  o f  t im e ,
•
H i s  o b ta in e d  by i n t e g r a t i n g  th e  r a t e  o f  h e a t  g e n e r a t i o n  a t  each  
G
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l e v e l ,  z ,  on t h e  l i m i t s  0 £ z £ L. Doing t h i s  one o b t a i n s  th e  
e x p r e s s io n :
HG "  Jo Af b YbKr  ®XFC RT )  CAb£Hrx n dz
go
+  f  A , . 'Y k '  e x p f  C. t H  dzJo  f b ' c  r  RT s  Ac rx n
gc
+ f  A. uV K 7 exp/" )  C. AH dz (3 -7 2 )Jo  fb  e r  * \  RT s  Ae rx nge
For th e  a u t o t h e r m a l ,  b a tc h  g as  f l u i d i z e d  bed en e rg y  le a v e s  th e  
sy s tem  o n ly  th ro u g h  th e  r e a c t o r  e f f l u e n t .
f en e rg y  l e a v in g  th e  
Ln f l u i d  < 
c a l / s e c .
bed i n  f l i  e f f l u e n t , ]  -  m cp g { f b ( Tg b f _Tr e f^
+  f c (Tg c £ -Tre£>  +' f e « g e f W >) f 3 ' 7 3 '
E nergy  can  be  acc u m u la ted  i n  e i t h e r  th e  f l u i d  o r  c a t a l y s t  i n  a 
b e d .  The en e rg y  s t o r e d  i n  t h e  gas  i n v e n t o r y ,  HA(, ,  i s  c a l c u l a t e d  
by summing th e  c o n t r i b u t i o n s  i n  e a c h  o f  th e  f l u i d  p h a se s  a t  a  
l e v e l ,  z ,  and  i n t e g r a t i n g  on th e  l i m i t s  0 <: z £ L. H ^, i s  w r i t t e n  
a s :
«AG * J / f b ^ p g  (
+ J / f c ^ p g  C a * 6) ! dz + £
(3-74>
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S u b s t i t u t i n g  t h e  d e f i n i t i o n s  o f  A ^ ,  Afc , and  A^e , E q u a t io n  (3 -7 4 )  
r e d u c e s  to
HAG "  At  J / g Cpg K  3 9 ^ )1  + C 3 6 ^ ) )
C ^ ) | ]
' z
+  CmfP L ^ ; |  | dz <3-75 ;
I f  th e  t o t a l  mass o f  c a t a l y s t  i n  th e  bed i s  W, which can  be r e ­
l a t e d  t o  th e  b ed  vo lum e, Vfc,by  E q u a t io n  ( 3 - 7 5 ) ,
W = 6(Yb + Yc + Ye )P s (3 -7 6 )
th e n  t h e  en e rg y  s t o r e d  i n  W can  be e x p re s se d  a s
dT
(  e n e rg y  a c c u m u la t io n  "'N _ wr  a ( 3 - 7 7 )
v. i n  c a t a l y s t ,  c a l / s e c . ^  ps  d0
I f  E q u a t io n s  ( 3 - 7 0 ) ,  ( 3 - 7 1 ) ,  and  (3 -7 3 )  a r e  com bined , th e  
o v e r a l l  s t e a d y  s t a t e  e n e rg y  b a l a n c e  r e s u l t s
f (T  ) = m C [ f ,  (T -T , , )  + f  (T -T „)  + f  (T -T - ) ]  s  pg b '  o gb f  c o g c f  e o g e f
+  « CAo XA "  0 ( 3 ‘ 78)
However, summing E q u a t io n s  ( 3 - 7 0 ) ,  ( 3 - 7 2 ) ,  ( 3 - 7 3 ) ,  ( 3 - 7 5 ) ,  and 
(3 -7 7 )  y i e l d s  th e  u n s te a d y  s t a t e  en e rg y  b a l a n c e .  I f  th e  r e s u l t i n g  
r e l a t i o n s h i p  i s  r e a r r a n g e d  i n t o  s t a t e  v a r i a b l e  fo rm ,one  o b t a i n s
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Ts (9=0) = (T8 ) 88 (3 -8 2 )
These  te m p e r a tu r e s  and c o n c e n t r a t i o n s  can  be o b ta in e d  by s o l v i n g  
th e  s t e a d y  s t a t e  v e r s i o n  o f  t h i s  m a th e m a t ic a l  m ode l.
C. The I s o th e r m a l  S te a d y  S t a t e  Case
One im p o r ta n t  d i f f e r e n c e  be tw een  th e  model j u s t  d e v e lo p ed  and 
th o s e  d i s c u s s e d  i n  C h a p te r  I I  i s  t h a t  i t  i s  n o t  r e s t r i c t e d  to  
i s o th e r m a l  o p e r a t i o n .  I t  d i f f e r s  from th e  " b u b b l in g  bed m odel" 
by th e  e x t r a  te rm s  r e p r e s e n t i n g  b u lk  t r a n s p o r t .  To s u b s t a n t i a t e  
th e  v a l i d i t y  o f  t h i s  m odel,  i t  w i l l  be compared w i th  th e  same 
i s o th e r m a l  d a t a  used  by L e v e n s p ie l  & K u n i i  (3 )  to  t e s t  t h e  " b u b b l in g  
bed m odel" .
The i s o th e r m a l  s t e a d y  s t a t e  v e r s i o n  o f  the f o r e g o in g  model 
i s  g iv e n  below : 
dC
-u . ^-=2. -  y. K /Ca. - (K .  ) k (Cak-C. ) = 0 (3 -8 3 )b dz b r  Ab d c  b Ab Ac
d C AAc
<Kb A (CA b-CA c>-en1f < V * > Ub d
-  V ; cAc- « c A < CA c-CAe> = 0 ( 3 - 8 4 )
€ r $  dc
(K ) U(CA -C. ) - - § £ -  u -Y K'C. = 0 (3 -8 5 )ce  b Ac Ae 6 e dz e r  Ae
The boundary  c o n d i t i o n s  f o r  E q u a t io n s  ( 3 - 8 3 ) ,  ( 3 - 8 4 ) ,  and (3 -8 5 )  
a r e  C (z=0) = C (z= 0) = C. (z= 0 )  = C from  E q u a t io n  ( 3 - 8 0 a ) .
i \D  AC A c  clO
1 0 1
To s o lv e  th e  s e t  o f  E q u a t io n s  (3 -8 3 )  th ro u g h  ( 3 - 8 5 ) ,  i t  
i s  c o n v e n ie n t  t o  f i r s t  r e a r r a n g e  them i n  s t a t e  v a r i a b l e  form and 
n o rm a l iz e  w i th  th e  f o l lo w in g  d e f i n i t i o n s :
(3 -8 6 )









( 3 -8 7 a )
(3 -8 7 b )
(3 -8 7 c )
A good c h o ic e  f o r  C ,  i s  C _ = C. , s i n c e  t h e n ,  d im e n s io n le s s6 r e f  r e f  Ao ’
c o n c e n t r a t i o n ,  X (§ ) ,  e x c l u s i v e l y  f a l l  i n  th e  r a n g e ,  0 ^  X ( | )  ^  1.
R e a r ra n g in g  E q u a t io n s  (3 -8 3 )  th ro u g h  (3 -8 5 )  and s u b s t i t u t i n g  
E q u a t io n s  (3 -8 6 )  and ( 3 - 8 7 a , b , c ) ,  one o b t a i n s  t h e  n o rm a l iz e d  
s t e a d y  s t a t e  i s o th e r m a l  model ( r e f e r r e d  to  a s  ISSM) i n  s t a t e  
v a r i a b l e , form ,
X = A X (3 -8 8 )
w h e re :
£  =
-L [(K b c ) b+YbK ;]
“b
eBf < V “ >“b
« Kb c) l
-L[(K bc>b+(Kc e )b+YbK ;]
emf (Vc'*a >Ub
L6(K ), c e 'b
mf e
1(Kce>b
f m f<Vc 'to )u b
•L6[(K ).+Y  ■<']ce  b e r
mf e
( 3 - 8 ‘J )
10 2
The n o rm a l iz e d  boundary  c o n d i t i o n s  f o r  E q u a t io n  (3 -8 8 )  a r e
X ( |= 0 )  = ( 1 )  ( 3 - 9 0 )
S u b je c t  t o  th e  r e s t r i c t i o n  o f  c o n s t a n t  p h y s i c a l  p r o p e r t i e s ,  th e  
c o e f f i c i e n t  m a t r i x ,  A, i s  c o n s t a n t ,  i . e . ,  A ^ f ( £ ) .
The a n a l y t i c a l  s o l u t i o n  o f  t h e  l i n e a r ,  c o n s t a n t  c o e f f i c i e n t  
e q u a t io n  s e t ,  E q u a t io n  ( 3 - 8 8 ) ,  i n  te rm s  o f  th e  s t a t e  t r a n s i t i o n  
m a t r i x ,  $ (?)>  i s  w e l l  e s t a b l i s h e d  ( 4 , 5 ) ,  and  can  be w r i t t e n  a s :
X(S) = 1 ( 1 )  X (0) ( 3 -9 1 a )
w here : =
$ ( 5 )  = e ( 3 - 9 1 b j
The s t a t e  t r a n s i t i o n  m a t r ix  can  be e v a l u a t e d  in  a  number o f  
w ays. S in c e ,  th e  c o e f f i c i e n t  m a t r i x ,  A, i s  o n ly  a  (3x3 )  m a t r i x ,  
i t  i s  a  s im p le  m a t t e r  t o  c a l c u l a t e  t h e  e i g e n v a lu e s  o f  A, X^, X > 
and X^* T h e r e f o r e ,  $ ( § )  w i l l  be e v a l u a t e d  i n  te rm s o f  th e  
e i g e n v a lu e s  o f  A.
I t  f o l lo w s  from t h e  C a y le y -H a m il to n  Theorem ( 4 , 5 )  t h a t  $ (£ )  
can  be expanded in  th e  form ,
1 (5 )  = a o ( 5 H  + 0 ^ ( 5 ) ^  + a 2 (5 )5A 2 (3 -9 2 )
The te rm s  a Q( 5 ) ,  a ^ ( § ) ,  and can  d e te rm in e d  by r e w r i t i n g
E q u a t io n  (3 -9 2 )  i n  s c a l a r  form  in  te rm s  o f  t h e  e i g e n v a lu e s  o f  A.
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a o <5) +oe.1 CS)X1 +  = expC X^) (3 -9 3 a )
a o (5 )  + ^ ( l ) ^  + « 2 (§)X 2 = ex P (X2?) (3 -9 3 b )
a Q(§ )  + a 1(§)X 3 + a 2 (§)X3 = exp(X3 §) c ,
T h i s  sy s tem  o f  e q u a t io n s  i s  r e a d i l y  s o lv e d  by C ra m e rs '  Rule  (6 )  
t o  y i e l d :
[exp(X 1§ ) -e x p (X 2 ? ] ( \ ^ - X 3 ) - [ e x p ( X 15)-ex p (X 3 F )](X ^-X 2 >»
Q# ( § )  = 2  2 2 2
1 (xi-X2 )(X^-X3 )-(X1-X3 ) (X [- Xp
( 3 - 9 4 a ;
( Xl “x2 ) t exp( Xi 5 ) - e x P(X3^) 3~ (Xi "^3) Lexp( ^ i^ ) -tixp(^2l )  3
a  ((?) = 2 2 2 2
2 (X1-X2 )(X^-X3 )-(X1-X3 ) ( X ^ - X p
(3 -9 4 b )
a n d ,
a o (5 )  = exp(X 1§ ) - a 1X1- a 2 X  ^ (3 - 9 4 c )
The e i g e n v a lu e s  o f  A a r e  o b ta in e d  by f i n d i n g  t h e  r o o t s  o f  th e  
c h a r a c t e r i s t i c  e q u a t io n  o f  A, which i s  a  c u b ic  e q u a t io n  i n  t h i s  
c a s e .
f (X )  = |A -X l |  = X3 +  p 2X2 + PjA + PQ (3 -9 5 )
E q u a t io n  (3 -9 5 )  can  be s o lv e d  a n a l y t i c a l l y  u s in g  a  w e l l  known 
r e d u c t i o n  te c h n iq u e  from th e  Theory  o f  E q u a t io n s  ( 6 ) .
Knowing the  boundary  c o n d i t i o n s ,  X (0 ) ,  th e  e f f l u e n t  c o m p o s i t io n s ,
X (§ = 1 ) ,  can  be d e te rm in e d  by e v a l u a t i n g  th e  s t a t e  t r a n s i t i o n  m a tr ix
a t  E  =  1.
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X ( l )  *= 1 ( 1 )  X (0) (3 -9 6 )
S u b s t i t u t i n g  X ( l )  i n t o  E q u a t io n  (3 -4 6 )  y i e l d s  th e  r e a c t o r
c o n v e r s io n ,  X ..A
XA = l - [ f bX1 ( l )  + f cX2 ( l )  + f eX3 ( l ) ]  (.3-97)
A com puter program  was w r i t t e n  t o  s o lv e  th e  i s o t h e r m a l  s t e a d y  
s t a t e  model (ISSM), E q u a t io n s  ( 3 - 8 3 ) ,  ( 3 - 8 4 ) ,  and ( 3 - 8 5 ) ,  u s in g  th e  
s t a t e  t r a n s i t i o n  m a t r ix  t e c h n iq u e .  F ig u re  I I I - 2  i s  th e  l o g i c  f low  
d iag ram  f o r  t h i s  com pute r  p rogram . The in p u t  b lo c k  r e a d s  th e  
p a r a m e te r s ,  u q ,  um f, db , vb , a ,  Lm f , €m f, D, and K^. In  th e  
i n i t i a l i z a t i o n  b lo c k ,  th o s e  q u a n t i t i e s  needed  to  c a l c u l a t e  th e  
c o e f f i c i e n t  m a t r ix  A a r e  e v a l u a t e d ,  th e n  A i s  d e te rm in e d .  The 
re m a in in g  b lo c k s  a r e  s e l f  e x p l a n a to r y .
D. Comparison o f  I s o th e r m a l  S tea d y  S t a t e  Model and  th e  "B ubb ling  
Bed Model" f o r  I s o th e r m a l  C a t a l y t i c  R e a c to r  D ata
L e v e n sp ie l  & K un ii  t e s t e d  E q u a t io n  (2 -6 6 )  w i th  some o f  th e
e x p e r im e n ta l  d a ta  i n  T a b le  I I - 4 .  R e fe re n c e  3 c o n t a i n s  g r a p h i c a l
com p ar iso n s  o f  E q u a t io n  (2 -6 6 )  and  th e  d a ta  o f  Ogasawara ( 7 ) ,
O r c u t t ,  e t  a l .  ( 8 ) ,  K obayosh i e t  a l .  ( 9 ) ,  and Iw a sa k i  e t  a l .  ( 1 0 ) .
The i s o th e r m a l  s te a d y  s t a t e  m ode l,  E q u a t io n  ( 3 - 8 8 ) ,  w i l l  be
s u b s t a n t i a t e d  by com paring  th e  p e rfo rm a n ce  o f  E q u a t io n s  (2 -6 6 )
and (3 -9 7 )  fo r  th e  same d a t a .
As m entioned  in  C h a p te r  I I ,  most o f  th e  i n v e s t i g a t o r s  ( 7 , 8 , 9 , 1 0 )





A E q u a t io n  (3 -8 9 )
| A - U |  -  V X2 ’X3 
E q u a t io n  (3 -9 5 )
CALCUIATE
a ( X , § « l )
E q u a t io n  ( 3 - 9 4 a , b , c )
CALCULATE 
1(§=1) E q u a t io n  ( 3 - 9 2 )
x ( l )  = $ ( i )  x (0 )  
E q u a t io n  (3 -9 6 )
calculate
(** X .
E q u a t io n  (3 -9 7 )
I
OUTPUT
^  RETURN ^
Computer Logic Flow Diagram f o r  I s o th e r m a l  S teady  S t a t e  Model
FIGURE I I I - 2
1 0 6
m easure  th e  b u b b le  d ia m e te r ,  d ^ ,  p r e v a i l i n g  In  t h e i r  e x p e r im e n t s .
However, L e v e n s p ie l  & K u n i i  were a b l e  t o  make r e a l i s t i c  e s t i m a t e s
o f  d^ b a se d  on a  knowledge o f  th e  ty p e  o f  e x p e r im e n ta l  equipm ent
u se d  and  th e  e x p e r im e n ta l  c o n d i t i o n s  o f  th e  r u n s .  U sing  th e
v a l u e s  o f  d. d e v e lo p e d  by L e v e n s p ie l  & K u n i i ,  F ig u r e s  I I I - 3 ,  b
I I I - 4 ,  and  XX1-5 . d e p i c t i n g  XA ( c a l c u l a t e d  by E q u a t io n s  (2 -6 6 ;  and 
( 3 - 9 7 ) )  v s .  Kr » were p r e p a r e d .  Three  d i f f e r e n t  b u b b le  d ia m e te r s  a r e  
shown i n  each  c a s e  to  v e r i f y  t h a t ,  a l th o u g h  th e r e  may be some un­
c e r t a i n t y  ab o u t  th e  e x a c t  v a lu e  o f  d ^ ,  th e  e x p e r im e n ta l  d a t a  can  be 
c o r r e l a t e d  w i t h i n  a  s m a l l  ran g e  o f  v a lu e s  o f  d ^ ,  b r a c k e t i n g  i t s  e x ­
p e c te d  v a lu e .
F ig u r e  I I I - 3  shows a  com parison  o f  th e  two m odels  w i th  th e
e x p e r im e n ta l  d a t a  o f  K obayoshi and  A r a l  (9 )  f o r  ozone d e c o m p o s i t io n .
The d a t a  c o v e rs  a  ra n g e  o f  i n l e t  v e l o c i t i e s ,  u q . T ab le  I I I - l
l i s t  th e  e x p e r i m e n t a l l y  m easured  p a r a m e te r s  f o r  th e  t h r e e  s e t s  o f
d a t a ,  K - l , K -2 , and K -3 , p r e s e n t e d  i n  th e  p l o t .  L e v e n sp ie l  &
K u n ii  (3 )  e s t i m a t e  from th e  e x p e r im e n ta l  c o n d i t i o n s  t h a t  a  as 0 .47
and 3.7cm  5; d, ^  5cm and assum ed t h a t  v. = 0 .  The c u rv e s  shown b b
were c a l c u l a t e d  u s in g  an  a v e ra g e  v e l o c i t y ,  uq = 1 3 .2  c m / s e c . ,  f o r
th e  e x p e r im e n ta l  r a n g e .  The p l o t s  show t h a t  b o th  m odels  do a
c r e d i t a b l e  jo b  r e p r e s e n t i n g  th e  d a t a .
X v s .  K f o r  b o th  m odels and  th e  d a t a  o f  O r c u t t ,  e t  a l .  (8)
A  IT
f o r  ozone d e c o m p o s i t io n  a r e  p l o t t e d  i n  F ig u re  I I I - 4 .  The e x ­
p e r im e n ta l  p a r a m e te r s  f o r  t h i s  d a t a  a r e  a l s o  g iv e n  in  T ab le  I I I - l .  
For th e  e x p e r im e n ta l  c o n d i t i o n s  o f  t h e s e  d a ta ,  L e v e n s p ie l  & K un ii  
c o n j e c tu r e d  t h a t  = 0 ,  Yc = 0 .2 5 ,  and  4.0cm  d^ • 5cm. As in
TABLE III-l
E x p er im en ta l  C o n d i t io n s  & I n v e s t i g a t o r s  f o r  Data Shown in  F ig u re s  I I I - 3 ,  I I I - 4 ,  I I I - 5
P l o t
D e s ig n a t io n ' “b
(cm /sec)
umf 





(cm / s e c )
I n v e s t i g a t o r s
K -l 6 .6 2 .1 34 0.45 0 .5 0 0.240
K-2 9 .9 2 .1 34 0.45 0 .5 0 0.204 Kobayashi & A ra i  (9 )
K-3 13-20 2.1 34 0.45 0 .5 0 0.204
0-1 3 .66 0.43 61 .0 0 .45 0 .5 0 0.204
0-2 14.1 0.43 61 .0 0 .45 0 .50 0.204 O r c u t t ,  e t  a l .  (8)
0-3 9 .2 ,1 4 .7 0 .43 71.3 0 .45 0 .50 0.204
1-1 2 .5 -1 6 0.18 7 .6 0.45 0 .50 0.186 Iw a s a k i ,  e t  a l .  (10)
0 -1
g
- 9 . 3 - 0 . 1 8 — 7.6 — 0.45 - 0 . 5 0 - 0 . 1 8 6 Ogasawara (7 )
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FIGURE I I I - 3  
Com parison o f  Models w ith  K o b a y a s h i ' s (9 )  Data
LEGEND
0 dfa = 5cm, Eq. (2 -6 6 ) ©  db -  9.3cm E q . ( 3 - 9 7 )
+  d^ = 4.7cm Eq. (3 -9 7 )  




Eq. (2 -6 6 )
m -
5 .3  cm.I
4 .7  cm.( E q . (3 -9 7 )  
3 .9  cm.I
O
1 0 . 0 0
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FIGURE I I I -4
Comparison o f  Models w i th  Data o f  O r c u t t ,  e t  a l .  (8 )
LEGEND
0 d, = 5cm, Eq. (2 -6 6 ) 0 db = 5.3cm E q . (3 - 9 7 )
A d ?  = 4 .5cm , Eq. (2 -6 6 )D + db = 4.7cm Eq> (3 -9 7 )
X db = 4cm, Eq. (2 -6 6 ) ❖ db = 4.3cm E q . (3 - 9 7 )
0 -  1 M 0 - 2
x  o - 3 
tfc>
0 .0 0  2 0 .0 0  HO.00 6 0 .0 0  BO.0 0  ToD.OG
( l -€  )L K '/u  m m r o
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t h e  p r e v io u s  c a s e , a n  a v e ra g e  I n l e t  gas  v e l o c i t y , uq = 1 0 .4 c m /s e c . ,  
was used  to  g e n e r a t e  th e  c u r v e s  i n  t h i s  f i g u r e .  A g a in ,  b o th  
m odels  seem to  do an  a d e q u a te  jo b  c o r r e l a t i n g  t h i s  d a t a .
F ig u r e  I I I - 5  shows th e  d a t a  o f  Iw a s a k i ,  e t  a l .  (10 )  f o r  the  
d e c o m p o s i t io n  o f  cumene and th e  d a t a  o f  O gasaw ara , e t  a l .  (7 )  f o r  
th e  s y n t h e s i s  o f  a c e t o n i t r i l e .  The c o n d i t i o n s  i n  b o th  o f  th e s e  
s t u d i e s  a r e  s i m i l a r .  Based on th e  e x p e r im e n ta l  c o n d i t i o n s ,
L e v e n s p ie l  & K unii  i n f e r r e d  th e  model p a r a m e te r s ,  y^ = 0 ,  y^ ■ 0 . 2 5 ,  
and 1 .2  s  d^ s  2cm. The a v e ra g e  o f  th e  i n l e t  v e l o c i t i e s  in  t h i s  
c a s e  i s  uq = 9 .3 c m /s e c .  With th e s e  p a ra m e te r s  and o t h e r s  c o n ta in e d  
i n  T ab le  I I I - l ,  th e  two m odels were s o lv e d  to  o b t a i n  the  c u rv e s  
i n  t h i s  f i g u r e .  B oth  m odels do a  r e a s o n a b ly  good jo b  o f  
c o r r e l a t i n g  th e s e  d a t a .
F ig u r e s  I I I - 3 ,  I I I - 4 ,  and I I I - 5  le a d  t o  th e  c o n c lu s io n  t h a t  b o th  
th e  " b u b b l in g  bed m odel"  and  th e  i s o th e r m a l  s t e a d y  s t a t e  model 
a p p e a r  to  c o r r e l a t e  th e  t e s t  d a t a  r e a s o n a b ly  w e l l ,  n e i t h e r  model 
b e in g  o b v io u s ly  s u p e r i o r  to  th e  o t h e r .  T h is  r e a l l y  i s  n o t  s u r p r i s i n g  
s in c e  th e  o n ly  d i f f e r e n c e s  be tw een  E q u a t io n s  ( 2 - 6 1 ) ,  ( 2 - 6 3 ) ,  and 
(2 -6 4 )  and E q u a t io n s  ( 3 - 8 3 ) ,  ( 3 - 8 4 ) ,  and (3 -8 5 )  a r e  th e  b u lk  
t r a n s p o r t  te rm s f o r  th e  c lo u d  and wake r e g io n  and th e  em u ls io n  
p h a se .  The fo r e g o in g  a n a l y s i s  s im p ly  shows t h a t  i t  i s  m a th e m a t ic a l ly  
j u s t i f i a b l e  to  n e g l e c t  o r  in c lu d e  th e s e  te rm s i n  th e  c a s e s  s t u d i e d .  
Why, t h e n , w i l l  th e y  be in c lu d e d ?
Ill
FIGURE I I I - 5
Com parison o f  Models w i th  Data o f  I w a s a k i , e t  a l .  (1 0 )  
and O gasaw ara , e t  a l .  (7 )
LEGEND





Eq. (2 -6 6 )









E q . (3 -9 7 )PO- cm.
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E. N um erica l Im p o rtan ce  o f  Bulk T r a n s p o r t  Terms
I t  can  be a rg u e d  t h a t  E q u a t io n  (3 -8 8 )  i s  p e rh a p s  more 
g e n e r a l l y  a p p l i c a b l e  th a n  th e  " b u b b l in g  bed m odel"  b eca u se  i t  does  
n o t  n e g l e c t  th e  b u lk  t r a n s p o r t  te rm s  i n  q u e s t i o n .  The most 
im p o r ta n t  r e a s o n  f o r  k e e p in g  th e s e  te rm s ,  how ever ,  i s  t h a t  t h e i r  
i n c l u s i o n  g r e a t l y  s i m p l i f i e s  th e  n u m e r ic a l  s o l u t i o n  o f  th e  non- 
i s o th e r m a l  p ro b lem . T h is  can  o n ly  be a p p r e c i a t e d  by exam in ing  
th e  n o n - i s o th e r m a l  s t e a d y  s t a t e  v e r s i o n  o f  E q u a t io n s  ( 3 - 2 6 ) ,  ( 3 - 3 3 ) ,  
( 3 - 3 9 ) ,  ( 3 - 5 4 ) ,  ( 3 - 6 2 ) ,  ( 3 - 6 9 ) ,  and (3 -7 8 )  w i th o u t  th e  b u lk  t r a n s ­
p o r t  te rm s  in  q u e s t i o n .  Assuming t h a t  b ti lk  t r a n s p o r t  in  th e  c lo u d  
and wake r e g io n  and e m u ls io n  phase  can  be n e g l e c t e d ,  th e  s te a d y  
s t a t e  model r e d u c e s  to :
-  (KwJ kCCak- C * J  = 0be b Ab Ac (3 -9 8 a )
-  (K . W e ,  -Ca J  = 0ce  b Ac Ae (3 -9 8 b )
(3-98d)
(3 -9 8 c )
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y K ' e x p f  CA AH +  (H. ), (T . -T )Tc r  r v. RT y  Ac rx n  b c 'b  gb gc 
8C
- V a ' h  .(T  -T ) - (H ). (T -T ) = 0 (3 -9 8 e )'c  P ^ f  gc s '  c e ' b v gc g e '  v '
(H ). (T -T ) + v K '  expT )  Cce  b gc ge Te r  V RT s  Ae rx n
ge
- v a ' h  _(T -T ) = 0 (3 - 9 8 f )Te p ,m f  ge s '  v '
f(T  ) = m C [ f ,  (T -T , , )  + f  (T -T . )  + f  (T -T , ) ]  s pg b o gb f  c o g c f  e o g e f  J
+ Hg = 0 (3 -9 8 g )
E q u a t io n s  (3 -9 8 a )  th ro u g h  ( 3 - 9 8 f )  a r e  an  e x t e n s i o n  o f  t h e  " b u b b l in g  
bed  m odel"  t o  d e s c r i b e  th e  n o n - i s o th e rm a l  p rob lem . Using any 
ty p e  o f  "m arch ing  te c h n iq u e "  to  s o lv e  th e  d i f f e r e n t i a l  e q u a t io n s  
o f  t h i s  p ro b lem , E q u a t io n s  (3 -9 8 b )  and  ( 3 - 9 8 f ) ,  r e q u i r e s  th e  
s im u l ta n e o u s  s o l u t i o n  o f  th e  fo u r  n o n - l i n e a r  a l g e b r a i c  e q u a t i o n s ,  
E q u a t io n s  (3 - 9 8 b ) ,  ( 3 - 9 8 c ) ,  ( 3 - 9 8 e ) ,  and ( 3 - 9 8 f ) ,  a t  each  s t e p  on Z. 
E x p e r ie n c e  has  shown t h a t  i t  i s  more cumbersome to  s o lv e  s e t s  o f  
s im u l ta n e o u s  n o n - l i n e a r  a l g e b r a i c  e q u a t io n s  th a n  to  s o lv e  s e t s  o f  
s im u l ta n e o u s  d i f f e r e n t i a l  e q u a t io n s  n u m e r i c a l l y .  I f  th e  b u lk  
t r a n s p o r t  te rm s  a r e  in c lu d e d ,  th e  model c o n s i s t  o f  th e  s i x  s im u l­
ta n e o u s  d i f f e r e n t i a l  E q u a t io n s  ( 3 - 2 6 ) ,  ( 3 - 3 3 ) ,  ( 3 - 3 9 ) ,  ( 3 - 5 4 ) ,  
( 3 - 6 2 ) ,  and ( 3 - 6 9 ) , and th e  n u m e r ic a l  s o l u t i o n  i s  s i g n i f i c a n t l y  
s i m p l i f i e d .  T h e r e f o r e ,  s i n c e  che model d ev e lo p ed  i n  t h i s  c h a p t e r  
a p p a r e n t ly  c o r r e l a t e s  e x p e r im e n ta l  d a t a  on a  p a r  w i th  th e  " b u b b l in g
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bed m o d e l" ,  and  s in c e  t h e  model d eve loped  i n  t h i s  c h a p t e r  i s  s im p le r  
t o  s o lv e  i n . t h e  a u to th e r m a l  c a s e , i t  w i l l  be u sed  in  t h i s  s tu d y .
F . E s t i m a t in g  th e  Model P a ra m e te rs
In  o rd e r  to  im plem ent th e  " m o d if ie d  b u b b l in g  bed m odel"  f o r
a  s p e c i f i c  c a s e ,o n e  m ust have e i t h e r  e x p e r i m e n t a l ly  m easured  o r
p r e d i c t e d  v a lu e s  f o r  a  number o f  th e  p a ra m e te r s  i n  E q u a t io n s  ( 3 - 2 6 ) ,
( 3 - 3 3 ) ,  ( 3 - 3 9 ) ,  ( 3 - 5 4 ) ,  ( 3 - 6 2 ) ,  and ( 3 - 6 9 ) .  I d e a l l y , p a r a m e t e r s  su ch
a s  € j - ,  u L, d, , 6, V, and a  s h o u ld  be m easu red .  However, i n  mi mr b b
th e  a b se n c e  o f  e x p e r im e n ta l  v a l u e s  f o r  th e s e  p a r a m e te r s ,  they  can  
be e s t im a te d  u s in g  c e r t a i n  c o r r e l a t i o n s  from th e  l i t e r a t u r e  w hich 
w ere d ev e lo p ed  f o r  th e  d e s ig n  o f  i n d u s t r i a l  s c a l e  e q u ip m e n t .  T hese  
c o r r e l a t i o n s  w i l l  be u t i l i z e d  in  t h e  c a l c u l a t i o n  to  f o l lo w  i n  
C h a p te r  IV in  o r d e r  t o  g u a ra n te e  t h a t  v a lu e s  t y p i c a l  o f  i n d u s t r i a l  
equ ipm ent a r e  a s s i g n e d .
1. P r o p e r t i e s  o f  th e  Bed a t  Minimum F l u i d i z a t i o n
Wen & Yu (11) have  d ev e lo p ed  a  c o r r e l a t i o n  f o r  €m£» E q u a t io n  
( 3 - 9 9 ) ,  u s in g  d a t a  f o r  a  wide v a r i e t y  o f  sy s tem s
They a l s o  found t h a t  th e  i n c i p i e n t  f l u i d i z a t i o n  v e l o c i t y ,  
c o u ld  be c o r r e l a t e d  o v e r  a  wide range  o f  R e y n o ld 's  num bers by
- 1 / 2
(3 -9 9 )
where 0g i s  th e  s p h e r i c i t y  o f  p a r t i c l e s  i n  t h e  b ed .
1/2
- 3 3 . 7 > 0 - 100 )
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where d^ i s  th e  d i a m e te r  o f  p a r t i c l e s  i n  t h e  b e d .  P a r t i c l e s  i n  
beds  w i l l  n o rm a l ly  h av e  a  d i s t r i b u t i o n  o f  s i z e s .  I t  w i l l  be 
assumed t h a t  th e  e n t i r e  s i z e  d i s t r i b u t i o n  can  be c h a r a c t e r i z e d  by 
a  s i n g l e  mean p a r t i c l e  d i a m e te r ,  d^ .
2. D iam eter  o f  B ubbles
Kato & Wen (1 2 )  have p r e s e n te d  a  c o r r e l a t i o n  f o r  bubble  
d ia m e te r ,  d ^ ,  a s  a  f u n c t i o n  o f  bed h e i g h t ,  w hich w i l l  be used  t o  
e s t i m a t e  e f f e c t i v e  b u b b le  d i a m e te r ,  a s  th e y  s u g g e s t ,  a t  th e  m id - p o in t  
o f  th e  r e a c t o r ,
db -  i - 4p8dp ( ^ p ) ( ' 2 9  + db <o> <3- i o i >
In  E q u a t io n  ( 3 - 1 0 1 ) ,  d ^ (0 )  i s  t h e  b u b b le  d ia m e te r  j u s t  above th e  
d i s t r i b u t o r .  I f  t h e  d i s t r i b u t o r  i s  a  p e r f o r a t e d  p l a t e  h av in g
h o l e s ,  d, ( 0 )  i s  g iv e n  by: b
r  6 (uo ~ V ) f - '
V°> -  IT!  (3-102)
8
K ato & Wen have t e s t e d  t h i s  c o r r e l a t i o n  f o r  d^ and  found i t  t o  be
s a t i s f a c t o r y .  They im ply  some f u r t h e r  s tu d y  i s  needed  i n  th e  a r e a
o f  b u b b le  growth and  c o a l e s e n c e .  P e r f o r a t e d  p l a t e  d i s t r i b u t o r s
a r e  commonly employed i n  i n d u s t r y ,  and L e v e n s p ie l  & K u n ii  (3 )
p r e s e n t  a  d e s ig n  p ro c e d u re  t o  e s t i m a t e  t h e  number o f  p l a t e  h o l e s ,
nQ, r e q u i r e d  f o r  good gas d i s t r i b u t i o n .  T h i s  p ro c e d u re  w i l l  be
used  to  e s t i m a t e  n .o
I t  i s  a  s im p le  m a t t e r  t o  m easure  t h e  h e i g h t  o f  th e  r e a c t o r  
s e c t i o n  o f  a  f l u i d i z e d  b e d ,  L , and th e  f r a c t i o n  o f  t h e  bed
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o c c u p ie d  by b u b b le s ,  6. However, i f  one s p e c i f i e s  L ^ i n  a  
d e s i g n ,  6 can  be e s t i m a t e d  by E q u a t io n  ( 2 - 2 6 ) ;  t h e n ,  s i n c e  t h e  
c r o s s - s e c t i o n  o f  th e  bed  i s  c o n s t a n t ,  t h e  i n c r e a s e d  bed volume 
c a u s e s  an  e x p a n s io n  from L ^ to  L , and
In  C h a p te r  I I , i t  was p o in t e d  o u t  t h a t  e x p e r i m e n t a l  f i n d i n g s  r e g a r d i n g  
th e  p r e s e n c e  o f  c a t a l y s t  i n  th e  b u b b le s  o f  a  f l u i d i z e d  bed i n d i c a t e  
t h a t  ~  0 .0 1 .  T h is  v a lu e  w i l l  be u se d  i n  a l l  c a l c u l a t i o n s  to  
f o l lo w .  The wake volume s h o u ld  be e x p e r i m e n t a l l y  m easured in  
o r d e r  t o  do a  s i m u l a t i o n ,  how ever,  h a v in g  s p e c i f i e d  th e  s i z e  o f  
p a r t i c l e s  i n  a  r e a c t o r ,  d ^ ,  a  c an  be e s t i m a t e d  w i th  E q u a t io n  ( 2 - 2 7 ) .  
A l l  o t h e r  p a r a m e te r s  can  be c a l c u l a t e d  u s in g  th e  " b u b b l in g  bed 
m odel"  a s  d i s c u s s e d  i n  C h a p te r  I I .
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CHAPTER IV
MULTIPLE AND UNIQUE STEADY STATES FOR THE AUTOTHERMAL 
GAS FLUIDIZED BED REACTOR
In  t h i s  c h a p t e r  a  p a r t i c u l a r  r e a c t o r  c a s e  w i l l  be s e l e c t e d  
which em bodies k i n e t i c  and  p h y s i c a l  p r o p e r t i e s  t y p i c a l  o f  c a t a l y t i c  
gas  p h ase  r e a c t i o n s ,  and  t h e  s te a d y  s t a t e  s o l u t i o n s  o f  th e  a u to th e rm a l  
model o f  C h ap te r  I I I  w i l l  be o b t a in e d .  I t  w i l l  be shown t h a t  f o r  
some s e t s  o f  i n l e t  boundary  c o n d i t i o n s ,  t h i s  a u to th e r m a l  f l u i d i i ' c d  
bed c a n  have a  u n iq u e  s te a d y  s t a t e  s o l u t i o n ,  b u t  f o r  o t h e r s  t h r e e  
s te a d y  s t a t e s  a r e  fo u n d .
A. N o r m a l iz a t io n  o f  th e  S tead y  S t a t e  V e rs io n  o f  t h e  Model
The s te a d y  s t a t e  v e r s i o n  o f  th e  model d e v e lo p e d  in  C h a p te r  [ I I  
i s  o b t a in e d  by e l i m i n a t i n g  t h e  a c c u m u la t io n  te rm s  from E q u a t io n s  
( 3 - 2 6 ) ,  ( 3 - 3 3 ) ,  ( 3 - 3 9 ) ,  ( 3 - 5 4 ) ,  ( 3 - 6 2 ) ,  ( 3 - 6 9 ) ,  and ( 3 - 7 8 ) .
T h e r e f o r e  th e  s te a d y  s t a t e  v e r s i o n  o f  t h e  model r e d u c e s  to  the  
f o l lo w in g  s e t  o f  e q u a t i o n s .
M a te r i a l  B a lance  E q u a t io n s  
The b u b b le  p h ase  m a t e r i a l  b a la n c e  i s
, Y K '  C
b dz b r  VRT , S  Abgb
" A A  <CAb’ CAc> "  0
In  th e  c lo u d  and wake r e g i o n , t h e  m a t e r i a l  b a la n c e  i s  r e l a t e d  by
dC
(Kbc>b <CAb-CA < > 6, n f < V “ )ub d T *  - \ K  cxp ( w ~ )  CAc
gc
- < Kc A  <CA c - CA.> ‘  °  ( 4 - 2 '
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A q u a n t i t a t i v e  a c c o u n t in g  f o r  th e  moles o f  m a t e r i a l  i n  th e  em u ls io n  
p h ase  i s  w r i t t e n  a s :
*■ f P dCAe 
(Kce> b(0Ac-°Ae> '  ~ 7 ~  “e  1 7 "
- V r '  j f - )  CAe - °  <4 ' 3 >
8e
2 . Energy B a la n c e s
The s te a d y  s t a t e  e n e rg y  b a l a n c e s  a r e  g iv e n  by E q u a t io n s  ( 4 - 4 ) ,  ■ 
( 4 - 5 ) ,  and ( 4 - 6 )  f o r  th e  b u b b le  p h a s e ,  c lo u d  and wake r e g i o n ,  and 
em u ls io n  p h a s e ,  r e s p e c t i v e l y .
dT
YbKr  expC  RTgbJ  CAbm r x n " Ub PgCpg dz
- V ,hp,t(Igb-I8)-(Hbc>b<VTgc) ' ° (4-4'
\ K  ex t (  i f )  CAc + (Hb c )b (Tg b - I g c )gc
dT
- e ,(V  4 a )u ,  p C ■ Sc -  y a ' h  C(T -T ) mf c % Hg pg  dz c p»mf gc s
- (H ), (T -T ) = 0 ( 4 - 5 )N ce  b gc ge
(H ) t (T -T ) +  V k '  expT^— - )  C.ce  b gc ge e r  ^4 tT  Ae rx n
€ ^  dT
■ ~ £ -  u p C —7^  -  y a ' h  - (T -T ) = 0 ( 4 - 6 )6 e Kg pg dz e p ,tn f  ge s
The o v e r a l l  s t e a d y  9-ta te  e n e rg y  b a l a n c e ,  f ( T s ) ,  i s  E q u a t io n  ( 3 - 7 8 ) .
The above e q u a t io n s  can  be n o rm a l iz e d  u s in g  fh e  fo l lo w in g  
d e f i n i t i o n s  o f  d im e n s io n le s s  te m p e ra tu r e  and c o n c e n t r a t i o n .
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(X . ,  X , X ) -  , ( 4 - 7 a )
1 / 3  ^ ref  re f  Cref  ^
a n d ,
(X4 , X , X , X7 ) = (  J S -  , J S -  I s s _ ,  ! s _ )  (4-7b)
ref  ref  ref  rer
I t  i s  c o n v e n ie n t  t o  choose  C c  = C. and  T c  = T b e c a u se  ther e f  Ao r e f  o
d im e n s io n le s s  c o n c e n t r a t i o n s ,  X^, and  X^» a r e  th e n  i n  th e  ran g e
0 £ X . , X , X, £ 1 ,  and th e  boundary  c o n d i t i o n s  f o r  a l l  t h e  s t a t e
1 2 3
v a r i a b l e s  a r e
x ( z  = 0) = ( ! )  ( 4 - 8 )
D i s t a n c e ,  Z, i s  n o rm a l iz e d  by th e  d e f i n i t i o n
S = \  ( 4 - 9 )
S u b s t i t u t i n g  E q u a t io n s  ( 4 - 7 a ) ,  (4 -7 b )  and ( 4 - 9 )  i n t o  
t h e  above m o d e l,o n e  o b t a i n s  th e  n o rm a l iz e d  v e r s i o n ,  E q u a t io n s  (4 -1 0 )  
th ro u g h  ( 4 - 1 6 ) .
dX1 r  -E ^
3T = c n x i  +  c n x i  “ <  )*  C12X2 <4- 10)
c n  ■ (4 - 10a>
-L y .K 7
C '  =---- -----—  ( 4 - 10b)11 U,b
- t l<Kbc>b + <Kc.)b ^
Cm£ ( V « )ub
W V “ >“b
ce  b
{mf( V " )ub
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44 "  ------------ I T T c ------------------  ( 4 - 1 3 s)
PS
Ly. K 'C .
C' -  -  b r ” f c ™ (4-13b)
^  r e f  % Pg pg
c „  -  ^  (4- n w
45 “b P -08 pg
LYua 'h
C47 "  A  CP , t  ( 4 - 13d)
D g Pg
3 T "  C54X4 + C55X5 + c S5X2eXpC  )  +  W i ) * ?  <4 ’ l 4 >
c . ^   (*.!«.,
54  £mf( V « >lV g Cpg
c  .  ~LCVca hp.mf |,(Hc e )b *  ^ W b ^ 1 ( 4 - 14b)
55 W V ^ V g S g
Ly k ' c .  AH _
c / = ______£ -L -£ e f----- rx n   (4 -1 4 c )
55 T ,€  A V  -f«)u p Cr e f  mf c b rg pg
L(H ),
b. ■— ■■ (4 -1 4 d )
J56 €m f(Vc ^ )ub PgC Pg
o  LVca  hP»mf (4 -1 4 e )
' 57 €m f(Vc ^ )u bPgCpg
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5
d§ °65X5 + C66X6 + C66X3eX[(  X  ) + C67X7 (4 -1 5 )
_  ce  b
"65 B€ p CH mf e r g pg
- L t f i v a ' h  + 6(H ) . ]„ = 'e  p .m f_______ c e / b J
"66 6( ,u  p CK mf e r g pg
(4 -1 5 a )
( 4 - 15b)
C66
L6y k 'C _AH e r  r e f  rxn
T CP€ c u  p C r e f  mf e r g pg
(4 -15c)
"67
L6y a  7h ,  e p .m f
PC ,u  P C K mf e r g pg
( 4 - 15d)
£(T S) = i  Cpg Tr e £ C l-£ s X4 ( l ) - £ cXJ ( l ) - f aX6 ( l ) ]  + Q CAoXA-  0 (4 -1 6 )
The sy s tem  o f  c o u p le d  s t a t e  v a r i a b l e  e q u a t i o n s ,  E q u a t io n s  
(4 -1 0 )  th ro u g h  ( 4 - 1 5 ) ,  c a n  be e x p r e s s e d  i n  v e c t o r  form
X = f(X ) (4 -1 7 )
X (?=0) = ( I )  (4 -1 8 )
where th e  v e c t o r  o f  f u n c t i o n s ,  f ,  i s  n o n - l i n e a r .
B. S o lu t i o n  T ech n iq u e  f o r  S teady  S t a t e  A u to th e rm a l  Model
T a b le  IV -1 l i s t s  th e  d e s ig n  p a ra m e te r s  and p h y s i c a l  p r o p e r t i e s ,  
such  a s  uq , K^, &E, '^Hrx n  e t c . ,  a p p e a r in g  i n  E q u a t io n s  (4 -1 0 )  
th ro u g h  (4 -1 6 )  w hich d e f i n e  th e  p a r t i c u l a r  r e a c t o r  t h a t  w i l l  he 
s t u d i e d  i n  t h i s  r e s e a r c h .  These v a lu e s  w ere s e l e c t e d  t o  t y p i f y  h ig h ly
TABLE IV -1
Design Parameters and Calculated Parameters 
For Autothermal Batch Fluidired Bed Beactor 
In Figures IV-2 to IV-14
Design Parameters
u - 4.8cm/sec 
o
i -  \' 7000 #/hr 
L 259 SCFK* n -o
L.f"
1950 hole a** 
180cm « 6 ft.
d * 0.015cm - 100 mesh 
P K  ' 0.8 Cps ■i 0 2 ^0,2 gm-*C “ 1.5 gp/
.AA AAA OS! m $ M> 5000 sec’1Ob * LUUw | . ■*gm-mole-#K rxn gm-oole r
2
D# “ 0.91 cm /sec.
p« -
f 7.22xl0°gm/cm3@298*K 
>■ 4.74x10 g/cm3 @455*K H ■
-41 1.5x10 gm/ca-sec.
k - 5.55x10° -- -*1 c„g cm-sec-C C ■PS
0.5 cal/gm-*C





1 298* B 
\ 455*K
Calculated Parameters
L - 200cm - 6-1/2 ft. 6 « 0.087 8 ” 0.872 “b "
5cm
£b - 0.751 f -c 0.159 f -e 0.0907
“ 41.6 cm/sec u ■e 1.4 cm/sec.
*mf " 0>447 \ ' 0.261 Ye ‘ 5.56 a • 0.222
a' - 500 cm’1 u ■A 48.7 cm/sec - 3.87x10° 1--
cm -sac-*C
TABU IV -1 ( C o a t 'd )
Calculated Paramatara 
3 cal___u , ■ 1.31 co/sec b . “ 1.51x10 _
mt * » " *  c b  -sec-*C
<Kbc}b " 10‘2 ,ec’1 (Kce>b " 5’56 8ec_l
<“b A  -  i ” 1 .. <“c>b - i M " 'cm -sec-C cm -sec* C
* SCFM • standard ft^/mln. at 298*K and 1 atm.
**
nQ - total number of holes in perforated plate distributor
e x o th e rm ic  c a t a l y t i c  gas  p h a s e  r e a c t i o n s ,  such  a s  th e  ammonia
s y n t h e s i s  r e a c t i o n ,  and d e s ig n  c o n d i t i o n s ,  L ^ ,  m, d ^ ,  e t c . ,  t h a t
m ig h t  commonly be found i n  a n  i n d u s t r i a l  r e a c t o r .
G iven a  p a r t i c u l a r  r e a c t o r ,  th e  s o l u t i o n  s t r a t e g y  i s  t o  l o c a t e
th e  s t e a d y  s t a t e  s o l u t i o n s  a v a i l a b l e  t o  th e  sy s tem  f o r  v a r i o u s
s e t s  o f  boundary  c o n d i t i o n s .  A random s e a r c h  on th e  boundary
c o n d i t i o n s  C. and T r e v e a l e d  r e g io n s  f o r  w hich a  u n iq u e  s te a d y  Ao o
s t a t e  s o l u t i o n  e x i s t s  and r e g io n s  i n  w hich t h r e e  s te a d y  s t a t e
s o l u t i o n s  e x i s t .  Both s i t u a t i o n s  w i l l  be i l l u s t r a t e d  by an exam ple .
To o b t a i n  th e  s te a d y  s t a t e  s o l u t i o n s  o f  E q u a t io n s  (4-10>
th ro u g h  (4 -1 6 )  f o r  th e  r e a c t o r  s p e c i f i e d  i n  T ab le  IV -1 w ith
boundary  c o n d i t i o n s  C. and T , one p ro c e e d s  i n  the f o l lo w in gAO o
f a s h io n :
( i )  I n i t i a l i z e  th e  p ro b lem  by c a l c u l a t i n g  th e  c o e f f i c i e n t s  
o f  E q u a t io n s  (4 -1 0 )  th ro u g h  ( 4 - 1 6 ) .
( i i )  Assume a  v a lu e  f o r  t h e  c a t a l y s t  t e m p e r a tu r e ,  T .
( i i i )  I n t e g r a t e  th e  c o u p le d  sy s tem  o f  E q u a t io n s  (4 -1 0 )  
th ro u g h  ( 4 - 1 6 ) .
( i v )  Using th e  p r o f i l e s  X (§) o b t a in e d  i n  ( i i i ) ,  e v a l u a t e  f ( T g ) ,
E q u a t io n  ( 4 - 1 6 ) .  I f  f(T  ) = 0 ,  th e n  T and X(£) i s  as s
s t e a d y  s t a t e  s o l u t i o n .  I f  f ( T  ) f  0 ,  th e n  a  new T i s
8  S
s e l e c t e d  and s t e p s  ( i )  th ro u g h  ( i v )  a r e  r e p e a t e d .
An a n n o ta te d  lo g i c  f lo w  d ia g ra m  f o r  t h e  above p ro c e d u re  i s  g iv e n  
i n  F ig u re  IV -1.
The s e a r c h  on T i n  ( i v )  above was co n d u c ted  by in c re m e n t in g  T8 B







A E q u a t io n  (4 -1 9 a )  
b E q u a t io n  (4 -1 9 b )
P E q u a t io n  (4 -2 0 a )  





Computer Logic Flow D iagram f o r  S o lu t i o n  o f  S teady  S t a t e
A u to th e rm a l  Model
FIGURE IV -1
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L i n e a r  I n t e r p o l a t i o n '  was th e n  u sed  t o  l o c a t e  t h e  s t e a d y  s t a t e  w i t h i n
th e  t o l e r a n c e  f (T  ) ^  10 
8
The m a jo r  d i f f i c u l t y  o f  t h i s  p r o c e d u re  i s  f i n d i n g  a  n u m e r ic a l  
i n t e g r a t i o n  scheme t h a t  can  i n t e g r a t e  t h e  s e t  o f  E q u a t io n s  ( 4 - 1 7 ) .
T hese  e q u a t io n s  f a l l  i n t o  a  c l a s s  known a s  " s t i f f  e q u a t i o n s " .
M o r e t t i  (1 )  h a s  d i s c u s s e d  th e  n u m e r ic a l  i n s t a b i l i t i e s  t h a t  a r i s e  when 
i n t e g r a t i n g  e q u a t i o n s  o f  t h i s  ty p e  by c l a s s i c a l  m arch in g  t e c h n i q u e s ,  
su ch  a s  one o f  th e  R unge-K utta  m ethods ( 2 ) .
1. C l a s s i c a l  I n t e g r a t i o n  Schemes
I t  was found t h a t  t h e  m ode l,  E q u a t io n  ( 4 - 1 7 ) ,  c o u ld  n o t  be
i n t e g r a t e d  u s in g  such c l a s s i c a l  m ethods a s  4 th  o r d e r  R unge-K u tta
-8o r  p r e d i c t o r - c o r r e c t o r  ( 2 ) .  Using s t e p  s i z e s  a s  s m a l l  a s  10 ,
t h e s e  te c h n iq u e s  w ere n u m e r i c a l ly  u n s t a b l e .  E f f o r t s  to  s o lv e  th e  
p ro b lem  i n  t h i s  f a s h io n  were abandoned  b e c a u se  o f  th e  e x c e s s iv e  
com pu te r  t im e  r e q u i r e d .  For ex am p le ,  i t  was found t h a t  a s  much 
a s  30 m in u te s  o f  XDS Sigma 5 o r  IBM 3 6 0 /65  CPU tim e were r e q u i r e d  
t o  i n t e g r a t e  t h i s  sy s te m  o f  e q u a t i o n s ,  o n ly  5 %  o f  th e  way 
th ro u g h  th e  r e a c t o r .  O b v io u s ly ,  a  f a s t e r  i n t e g r a t i o n  scheme was 
n e e d e d .
2 . Fade A p p ro x im atio n  T echn ique
Magnus and S c h e c h te r  (3 )  have d ev e lo p e d  a  s t a b l e  and  a c c u r a t e  
s o l u t i o n  t e c h n iq u e  f o r  t h e  i n t e g r a t i o n  o f  c h e m ic a l  k i n e t i c  e q u a t io n s  
known a s  th e  Pade a p p ro x im a t io n  t e c h n iq u e .  I t  i s  b a s i c a l l y  a 
m arch in g  te c h n iq u e  i n  which th e  sy s te m  o f  e q u a t io n s  a r e  l i n e a r i z e d  
a t  each  s t e p  on § and w r i t t e n  i n  th e  form
X ■* A X + b (4-19)
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S in c e  E q u a t io n  ( 4 - 1 9 ) - i s  a  f i r s t  o r d e r  T a y lo r  s e r i e s  e x p a n s io n  f o r  
E q u a t io n  ( 4 -17) ,  i t  f o l l o w s  t h a t :
1 - [ ^ i ]  <4-19.)
j  5
and  b = f (X( 5 ) , S )  - A X  (C) (4-19b)
Magnus & S c h e c h te r  d e v e lo p ed  t h e  s o l u t i o n  o f  th e  l i n e a r i z e d
sy s tem , E q u a t io n  ( 4 - 1 9 ) ,  i n  te rm s o f  th e  Pade a p p ro x im a t io n  o f  th e
ACe x p o n e n t i a l  s o l u t i o n ,  X(§) = e I f  one knows th e  s o l u t i o n  v e c t o r  
a t  C> th e n  a t  (C+h).
X ( |+ h )  = P_1Q (4 -2 0 )
where
p  -  Tt _ ,
2 12P = [ !  - h i  +  T s - (h l)2 ] ( 4 - 20a)
Q = [ I + | h A + Y 2  ( h i ) 2 ]X (?) + hb ( 4 - 20b)
In  t h i s  t e c h n i q u e , t h e  m a t r ix  A and th e  v e c t o r  b a r e  u p d a te d  a t  
ev e ry  s t e p  o f  th e  s o l u t i o n .  The e le m e n ts  o f  th e  m a t r ix  A and  the  
v e c t o r  b a r e  e v a l u a t e d  from E q u a t io n s  (4 -1 0 )  th ro u g h  (4 -1 5 )  a s  
f o l l o w s :
S f . , s  _ea  'n
a u  -  a tJ I *  c n ^ —^ ) + cu
* 1 2  ■ s r l '  c i 2  (4 ' 2 l b )
2 , §
d f  ^  -E. ^  ,  -E
a i4  ax.4 ‘  c u ‘ x * (  -7 7  )  C x )  X14 X
130
*13 -  * 15 -  - 16a , ,  = 0 (4 -2 1 d )
af.
a
2 1  a x ,  21= C,
a 22
d f  9  i /*  " E a  -
W,\-  ° 2 2 + C 22 « < - r J
z  I f  5
af.
= C,23 BX0 23
( 4 - 2 2 a )
( 4 -2 2 b )
(4 - 2 2 c )
25
M 2
S x J ‘ cnVxtC TtT ) C 3  )  (<“ 22d)
24 a 26 = 0
( 4 - 2 2 e )
a  = a  = a„  = 0
31 34 35
( 4 - 23a)
af.






I ■ C33eX  "xf )  + 
j -  C3 3 V < - J 7 . X ^ )
'33
E4
41 -  g T  '  c 44 “ «C “ x 7 )
( 4 - 2 3 1 . )
(4 - 2 3 c )
(4 -2 3 d )
( 4 - 24a)
a 42 ~ a 43 a 46 °
( 4 - 24b)
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44 c^ x i “ *C )  C ^  )  + c 44 ( f i - 24c)
45 w45 (4 -2 4 d )
‘51 a53 = 0 ( 4 - 2 5 a )
— 1
l52 ■ ax^ (4 -2 5 b )
l5 4  5 x ,
l55 = axE
= c 54
-  C55X2eXPC )  C $  )  + C55
(4 -2 5 c )
(4 -2 5 d )
a f ,
l56 "  a i r = c 56 ( 4 - 2 5 e )
a 61 -  a 62 a 64 ~ ° ( 4 -2 6 a )
l63 ax. = c_ '  expT ^  ' '  66 X, ( 4 -  26"d ^
-  5
l65 axr = c 65 ( 4 - 2 6 c )
. .  is
6 6  ax . -  C < 3  )66 3 + CX, 66
(4 -2 6 d )
The v e c t o r  b i s  c a l c u l a t e d  from E q u a t io n  ( 4 - 19b) a t  each p o i n t  on 
th e  p r o f i l e .
A com puter  program  was w r i t t e n  t o  p e r fo rm  th e  c a l c u l a t i o n s  
d e s c r ib e d  h e r e .  F ig u re  IV -1 shows th e  lo g i c  f lo w  d ia g ra m  f o r  
t h e  p rog ram . The in p u t  b lo c k  r e a d s  t h e  d e s ig n  p a r a m e te r s  uq ,
A> V  Lm f’ d p ,  0g , and t h e  p h y s i c a l  p r o p e r t i e s  Cpg > Ps > De » Pg»
P>» k . C , AE, AH , and  K r .  The i n i t i a l i z a t i o n  b lo c k  p e rfo rm s  g pg rx n  r  r
t h e  s e r i e s  o f  c a l c u l a t i o n s  r e q u i r e d  to  d e te rm in e  th e  d im e n s io n le s s  
c o e f f i c i e n t s  o f  E q u a t io n  ( 4 - 1 7 ) .
3 .  Convergence T echn ique
The s e a r c h  on T was co n d u c ted  o v e r  t h e  p h y s i c a l l y  m e a n in g fu l  
T Sg
ra n g e  0 ^  - -----  s  4 by s e e k in g  th e  " z e r o s "  o f  f (T  ) .  The u p p e r
Ts f  8
l i m i t ,  -  ^ was e s t a b l i s h e d  b e c a u se  c o n v e r s io n ,  X . , r e a c h e d
r e f  A
1007. i n  t h i s  r e g i o n ;  t h e r e f o r e ,  no p h y s i c a l l y  m e a n in g fu l  s o l u t i o n s
c a n  l i e  beyond . The assum ed s t a r t i n g  v a l u e  o f  T was augm ented by
in c re m e n ts  o f  25°K u n t i l  f ( T  ) changed s i g n .  T h is  i n d i c a t e d  t h a t  as
s o l u t i o n ,  (T ) , e x i s t s  be tw een  th e  l a s t  two p o i n t s  c a l c u l a t e d .  A
* 8  S  S
s im p le  l i n e a r  i n t e r p o l a t i o n * w a s  th e n  u sed  t o  r e c u r s i v e l y  im prove th e
e s t i m a t e  o f  (T ) u n t i l  t h e  co n v erg en ce  t o l e r a n c e ,  f [ ( T  ) ]^10 5 ,'  s s s  s  ss
was s a t i s f i e d .  T h is  n o rm a l ly  r e q u i r e d  two o r  t h r e e  i t e r a t i o n s .
4 .  S t a b l e  I n t e g r a t i o n  S tep  S iz e
I t  was found  t h a t  t h e  Pade A p p ro x im a tio n  t e c h n iq u e  was s t a b l e
f o r  a l l  s t e p  s i z e s  i n v e s t i g a t e d .  However, b e ca u se  o f  th e  s t e e p n e s s
dT dT
o f  t h e  i n i t i a l  t e m p e ra tu r e  g r a d i e n t s ,  .^e and £c , (Seedz dz
F ig u r e  IV -8 ,IV -1 0 ,  IV -12, and  IV -1 4 ) ,  I t  was found t h a t  a  sm a l l  
s t e p  s i z e ,  e . g . ,  h = 0 .0 0 1 ,  was r e q u i r e d  i n i t i a l l y  t o  m a in ta in  
s a t i s f a c t o r y  n u m e r ic a l  a c c u r a c y .  T hus ,  f o r  § £ 0 .05  th e  s t e p  s i z e  
u sed  was 100 s m a l l e r  th a n  th e  s t e p  s i z e  f o r  th e  r e m a in in g  957..
1 3 3
F ig u r e s  IV-5 and IV-6 and IV -3 and IV-4 d e p i c t  c u r v e s  o f  X. v s .  TA s
and f ( T  ) v s .  T o b ta in e d  u s in g  th e  Pad^ A p p ro x im a t io n  scheme
8 S
w ith  s t e p  s i z e s  h = 0 .0 1 ,  0 .0 0 5 ,  and  0 .0 0 2 5 .  These com parisons  
c l e a r l y  i n d i c a t e  t h a t  a d e q u a te  n u m e r ic a l  a c c u ra c y  can  be a c h ie v e d  
w i th  a  s t e p  s i z e  h = 0 .0 1 .
For th e  un ique  and m u l t i p l e  s t e a d y  s t a t e  c a s e s  shown i n  
F ig u r e s  IV-2 th ro u g h  I V - 1 4 , i t  was found t h a t  an  a v e ra g e  o f  10 
s e c o n d s  o f  XDS CPU tim e w ere r e q u i r e d ,  and  8 -9  seconds  o f  IBM 360/65  
CPU tim e were r e q u i r e d  t o  i n t e g r a t e  th e  e n t i r e  p rob lem  w ith  
h “  0 .0 1 ,  T h is  i s  c l e a r l y  an  im provem ent o v e r  th e  4 th  o r d e r  Runge- 
K u t ta  te c h n iq u e  m en tio n ed  e a r l i e r .
C. S teady  S t a t e  S o lu t i o n s
W hether o r  n o t  a  u n iq u e  o r  m u l t i p l e  s t e a d y  s t a t e s  a r e  a v a i l ­
a b l e  t o  a  g iv e n  a u t o th e r m a l  r e a c t o r  d epends  on a  complex b a la n c e  
be tw een  th e  h e a t  g e n e r a te d  by th e  r e a c t i o n  and  the  h e a t  a b so rb e d  
by t h e  r e a c t i n g  g a s .  T h is  i s  most e a s i l y  u n d e r s to o d  by exam in ing
th e  com ponents t h a t  make up th e  o v e r a l l  e n e rg y  b a l a n c e ,  f (T  ) .s
E q u a t io n  (3 -7 8 )  can  be r e w r i t t e n  i n  t h e  form
£ ( T S > -  HS G  +  i G ( 4 - 2 7 )
where: .  *Cpg[ f b<V Tgb£) + W W +  fe < V T8e f >] <4’ 28>
The te rm  H i s  th e  s e n s i b l e  h e a t  t a k e n  up by th e  c o ld  r e a c t o r  f e e d .SG
F ig u r e s  IV -8 ,  IV -10, IV -12, and IV -14 show t h a t ,  f o r  t h e s e  c a s e s ,  
t h e  e f f l u e n t  gas  h as  th e  same te m p e r a tu r e  a s  the  c a t a l y s t ,  Tg .
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T h is  b e h a v i o r  I s  common I n  I n d u s t r i a l  a p p l i c a t i o n s  o f  g as  f l u l d l z e d
beds ( 6 ) .  Hence, Tg can  be s u b s t i t u t e d  i n t o  E q u a t io n  (4 -2 8 )
f o r  T . _ T , ,  an d  T c which y i e l d s  g b f , g c f ’ g e f  J
H _ = m C T -m C T , (4 -2 9 )SG pg o pg s ’
a  l i n e a r  e x p r e s s io n  i n  Tg .
The second te rm  o f  E q u a t io n  ( 4 - 2 7 ) ,  H , b e a r s  a  much more
complex r e l a t i o n s h i p  to  b o th  Tg and Tq . Because o f  t h e  n o n - l i n e a r
e x p o n e n t i a l  c h a r a c t e r  o f  th e  A r rh e n iu s  e x p r e s s io n  ( 4 ) ,  th e  p l o t
o f  H-, v s .  T i s  a n  "S -sh a p e d "  c u rv e .  F ig u re  1V-2 shows such a  G S
cu rv e  f o r  t h e  a u to th e r m a l  f l u i d i z e d  bed r e a c t o r  whose d e f i n i n g
p a ra m e te r s  a r e  g iv e n  in  T ab le  IV -1 .  Because an  a n a l y t i c a l
s o l u t i o n  i s  n o t  a v a i l a b l e  f o r  th e  m odel, th e  r e l a t i o n s h i p  b e -
tween H_ and T i s  n o t  im m ed ia te ly  c l e a r .  However, i t  i s  th e  G s
" S -sh a p e d "  n a t u r e  o f  t h i s  r e l a t i o n s h i p  t h a t  makes m u l t i p l i c i t y  
p o s s i b l e .
I n  F ig u re  I V - 2 , t h e  r a t e  o f  h e a t  g e n e r a t i o n > H^, i s  p l o t t e d  
a s  a f u n c t i o n  o f  Tg f o r  two d i f f e r e n t  s e t s  o f  boundary  c o n d i t i o n s ,
3
T = 455°K and T = 298°K w ith  C. = 0 .00182  gm.moles/cm , i no o Ao
b o th  c a s e s .  Curves I  and I I  d e p i c t  th e  r a t e  o f  h e a t  a b s o r p t i o n
by th e  g a s ,  H , f o r  th e  same s e t s  o f  boundary  c o n d i t i o n s ,
SG
r e s p e c t i v e l y .  The t h r e e  i n t e r s e c t i o n s  o f  H and Curve I I  a t  T =
G S
299°K, 449°K, and 799°K mean t h a t  a  b a la n c e  betw een th e  h e a t
g e n e ra te d  and a b s o rb e d  in  th e  sy s tem  o c c u r s  a t  t h r e e  d i f f e r e n t
o p e r a t i n g  p o i n t s .  As i l l u s t r a ' e d  i n  F ig u re  I V -3 , f (T  ) = 0s
a t  each o f  th e s e  p o i n t s ,  t h e r e f o r e ,  each  i s  a  s te a d y  s t a t e  s o l u t i o n .
f ,-20.00 - i g . oo I_______
-H & Hf  (B tu /H r)  x 10‘
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FIGURE IV -5
R e a c to r  C o nvers ion  v s .  C a t a l y s t  T em pera tu re  -  T = 455K
LEGEND
A H = 0 .0025
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FIGURE IV-6
R e a c to r  C onvers ion  v s .  C a t a l y s t  T em pera tu re  - T
0  S te p  S iz e  = 0 .01  
A S tep  S iz e  = 0 .0025
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Curve I  i n  F ig u re  IV -2 ,  w hich i s  a  p l o t  o f  th e  h e a t  a b s o rb e d  f o r
t h e  c a s e  i n  which T = 455°K, o n ly  i n t e r s e c t s  H a t  one p o i n t ,O G
T = ,959°K. Thus, a  b a la n c e  o f  th e  h e a t  a b s o rb e d  and g e n e r a t e d ,
6
i . e . ,  f (T  ) = 0 , e x i s t  a t  a  u n iq u e  p o i n t ,  im p ly in g  t h a t  th e  s
system  has  o n ly  t h e  un ique  s t e a d y  s t a t e  s o l u t i o n  in  F ig u re  IV -4 .
F ig u r e s  IV -2 ,  IV-5 and  IV-6  i n d i c a t e  th e  a p p a r e n t  i n s e n s i t i v i t y
o f  th e  r a t e  o f  h e a t  g e n e r a t io n  i n  t h e  r e a c t o r ,  H , and th e  c o n v e r s i o n ,G
X . , to  th e  fe e d  t e m p e r a t u r e ,  T . I n  F ig u r e  IV-2 th e  p l o t s  o f  H_ v s .
A o G
T f o r  b o th  i n l e t  g as  t e m p e r a tu r e s  a r e  i d e n t i c a l .  F ig u re  IV-5 
s
and  IV -6 , r e p r e s e n t i n g  X. v s .  T , c o r r e s p o n d  to  i n l e t  t e m p e r a tu r e s
A  S
o f  T = 455°K and  T = 298°K, r e s p e c t i v e l y ,  y e t ,  th e y  a r e  o o
i d e n t i c a l .
The g as  f l u i d i z e d  bed  seems to  show th e  same ty p e  o f  i n ­
s e n s i t i v i t y  t o  i n l e t  gas  c o n c e n t r a t i o n ,  a s  t o  i n l e t  gas  temp­
e r a t u r e ,  Tq . I n c r e a s i n g  above i t s  v a lu e  i n  F ig u r e s  IV-2
*
th ro u g h  IV-6  p r o p o r t i o n a l l y  t r a n s l a t e s  p l o t s  o f  H and f (T  ) i n  th eG 8
d i r e c t i o n  o f  i n c r e a s i n g  en e rg y  g e n e r a t i o n  r a t e  and en e rg y  i n ­
b a l a n c e ,  r e s p e c t i v e l y .  However, c o n v e r s io n  l e v e l ,  X^, a t  a g iv e n
c a t a l y s t  t e m p e r a tu r e ,  T , i s  n o t  s i g n i f i c a n t l y  changed by ans
a l t e r a t i o n  o f  C. .Ao
Each o f  th e s e  p l o t s ,  F ig u r e  IV-2 th ro u g h  IV -6 , d e m o n s t r a te s  
t h a t  r e a c t o r  p e rfo rm a n ce  i s  a p p a r e n t l y  dom inated  by th e  c a t a l y s t  
t e m p e r a tu r e ,  Tg . In d e e d ,  th e  s h a rp  s lo p e  o f  v s .  Tg i n  
F ig u re  IV -2 in  th e  v i c i n i t y  o f  SS#2 would s u g g e s t  t h a t ,  s in c e
j  •  J  *
( H _ ) » —r  (H ) ,  th e .  r a t e  o f  h e a t  g e n e r a t i o n  i n  t h e  
d T  G g T  S G  
8 8
sy s te m  i n c r e a s e s  much more r a p i d l y  th a n  th e  e n e rg y  can  be 
a b s o rb e d  by th e  g a s  f o r  s m a l l  changes  i n  C a t a l y s t  t e m p e r a tu r e .
T h e r e f o r e ,  t h e . o v e r a l l  e n e rg y  b a l a n c e ,  f ( T - ) ,  i s  s e n s i t i v e  to  s m a l ls
ch an g es  i n  Tg n e a r  s te a d y  s t a t e  # 2 .  Amundson & Luss ( 5 )  made th e  
same o b s e r v a t i o n s  i n  a s i m i l a r  s tu d y  o f  s te a d y  s t a t e  m u l t i p l i c i t y  
f o r  b a tc h  g as  f l u i d i z e d  bed  r e a c t o r s .  T h is  s e n s i t i v i t y  o f  s t e a d y  
s t a t e  #2 w i l l  be d i s c u s s e d  l a t e r  i n  C h a p te r  V.
F ig u r e s  IV-5 and  IV -6 , p l o t s  o f  X. v s .  T , d e m o n s t r a te  th e
A  8
s e n s i t i v i t y  o f  c o n v e r s io n  t o  c a t a l y s t  t e m p e r a t u r e ,  T . For
8
ex am p le ,  a  c a t a l y s t  t e m p e ra tu r e  o f  T = 400°K le a d s  t o  a  c o n v e r s io n
8
X. = 97., b u t  a t  T = 4 2 5 °K ,th e  c o n v e r s io n  i s  17.67..A 8
1 .  Unique S teady  S t a t e  S o l u t i o n
F ig u r e  IV-2 l o c a t e s  t h e  u n iq u e  s t e a d y  s t a t e  s o l u t i o n  o f  th e
r e a c t o r  sy s te m  d e f in e d  by th e  d e s ig n  p a r a m e te r  i n  T a b le  IV -1 when
3
T » 455°K and  C. = 0 .00182  gm .m oles/cm  . T h is  s te a d y  s t a t e  o c c u r s  o Ao
when T = 959°K a t  a  c o n v e r s io n  l e v e l  X. = 99.947. a s  shown in  s A
F ig u re  IV -5 .  The d im e n s io n le s s  c o n c e n t r a t i o n  p r o f i l e s  o f  th e  
b u b b le  p h a s e ,  c lo u d  and wake r e g i o n ,  and  e m u ls io n  p h ase  f o r  t h i s  
u n iq u e  s t e a d y  s t a t e  a r e  p r e s e n t e d  i n  F ig u re  IV -7 .  As would be 
e x p e c te d  th e  r e a c t i n g  component i s  c o n v e r t e d  much more s lo w ly  in  
th e  b u b b le  p h a se  th a n  i n  th e  o t h e r  two r e g io n s  b e c a u se  o f  a  la c k  
o f  g a s - c a t a l y s t  c o n t a c t i n g  (y^ = 0 . 0 1 ) .  In  f a c t ,  th e  r e d u c t i o n  
o f  r e a c t a n t  i n  th e  bubb le  p h a se  i s  p r i m a r i l y  due t o  mass t r a n s f e r  
w i th  th e  o t h e r  r e g io n s  r a t h e r  th a n  c h e m ic a l  r e a c t i o n .  The co n ­
c e n t r a t i o n  p r o f i l e  o f  th e  em u ls io n  p h ase  seems to  i n d i c a t e  t h a t  
r e a c t a n t  i s  consumed a s  q u i c k ly  a s  i t  e n t e r s  t h i s  r e g i o n ,  o r  i n
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FIGURE IV -7
Unique S teady  S t a t e  -  C o n c e n t r a t io n  P r o f i l e s
LEGENO
□  Bubble Phase Cone. 
A  E m uls ion  P hase  Cone
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Jim n s i o n l e s s  D is ta n c e  in  Bed, §
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FIGURE IV- 8
Unique S tead y  S t a t e  - T em pera tu re  P r o f i l e s
0  Cloud Region Temp.□  Bubble P hase  Temp. 
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D im e n s io n le s s  D is ta n c e  i n  lied, §
e s s e n t i a l l y  i s o th e r m a l  r e a c t o r  c h a r a c t e r i s t i c s .  However, a  100 
mesh c a t a l y s t  was s p e c i f i e d  i n  t h i s  p rob lem  b e c a u se  i t  i s  t y p i c a l .  
The a p p ro ac h  to  th e rm a l  e q u i l i b r i u m  m ig h t  n o t  be so  r a p i d  i f  a  
bed c o n ta in e d  c o a r s e r  p a r t i c l e s .
2 .  M u l t i p l e  S teady  S t a t e  S o lu t i o n s
As h a s  been  shown i n  F ig u r e s  IV -2 , IV -3 , and  IV -6 , i f  th e  
i n l e t  g as  t e m p e ra tu r e  f o r  t h i s  problem  i s  Tq = 298°K, t h r e e  
d i f f e r e n t  s t e a d y  s t a t e s  a r e  a v a i l a b l e  t o  th e  s y s te m .  They a r e :
( i ) S teady s t a t e  # 1 T = s 299° K
XA = 0.18%
( i i ) S tea d y s t a t e  # 2 T = s 449°K
XA “ 29.8%
( i i i ) S te a d y  s t a t e  #3 Ts " 799°K
XA = 99.6%
The d im e n s io n le s s  c o n c e n t r a t i o n  p r o f i l e s  f o r  s t e a d y  s t a t e s  
# 1 ,  # 2 ,  and #3 a r e  p r e s e n t e d  i n  F ig u re s  IV -9 , IV -1 1 ,  and  IV -1 3 ,  
r e s p e c t i v e l y .  The c o r r e s p o n d in g  d im e n s io n le s s  t e m p e ra tu r e  
p r o f i l e s  a r e  p l o t t e d  v s .  d im e n s io n le s s  d i s t a n c e ,  i n  F ig u r e s  
IV -10, IV -12 , and  IV -14 , r e s p e c t i v e l y .  The comments made c o n c e rn in g  
th e  c o n c e n t r a t i o n  and te m p e r a tu r e  p r o f i l e s  o f  t h e  u n iq u e  s te a d y  
s t a t e  s o l u t i o n  o b v io u s ly  a p p ly  e q u a l ly  w e l l  t o  each  o f  th e s e  
m u l t i p l e  s te a d y  s t a t e s .  The most n o te w o r th y  d i f f e r e n c e  among th e  
s te a d y  s t a t e s  i s  th e  d r a s t i c  d i f f e r e n c e  i n  c o n v e r s io n  l e v e l  
c o r r e s p o n d in g  to  d r a s t i c a l l y  d i f f e r e n t  c a t a l y s t  t e m p e r a t u r e s .
A t th e  low c a t a l y s t  te m p e ra tu re  o f  s te a d y  s t a t e  # 1 ,  T = 299°K, 
th e  r e a c t o r  i s  o b v io u s ly  k i n e t i c a l l y  l i m i t e d  by a  slow  r e a c t i o n  r a t e .
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FIGURE IV-9
S teady  S t a t e  -  C o n c e n t r a t i o n  P r o f i l e s
0  Cloud Region Cone0  Bubble Phase Cone. 
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FIGURE IV -10
S tea d y  S t a t e  #1 -  T em p era tu re  P r o f i l e s
LEGEND
□  Bubble Phase  Temp. 
^  Em ulsion Phase  Temp
0  Cloud Region Temp.
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FIGURE IV -11
S tead y  S t a t e  #2 - C o n c e n t r a t i o n  P r o f i l e s
□  Bubble Phase Cone. 
a  Em ulsion  Phase Cone
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FIGURE IV-12
S teady  S t a t e  # 2  -  T em pera tu re  P r o f i l e s
LEGEND
□  Bubble -Phase Temp.
A E m uls ion  Phase Temp.
Cloud Region Temp
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S tead y  S t a t e  #3 - C o n c e n t r a t io n  P r o f i l e s
O  Cloud R egion ConeD  B ubble  Phase Cone,
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FIGURE IV -14
S tead y  S t a t e  #3 - T em pera tu re  P r o f i l e s
LEGEND
□  Bubble Phase Temp. 
A Em ulsion P hase  Temp
0  Cloud Region Temp.
CM
Em ulsion  Phase
CD
2 . 6 8











0 . 6 0 0.000 . ‘IQ
D im e n s io n le s s  D is ta n c e  i n  Bed, f
The c o n c e n t r a t i o n  o f  each  p h ase  i n  F ig u r e  IV-9 re m a in s  a t  a  h ig h  
l e v e l  th ro u g h o u t  th e  r e a c t o r .  T h is  s i t u a t i o n  i s  o n ly  s l i g h t l y  
im proved f o r  s te a d y  s t a t e  # 2  a s  can  be seen  from th e  c o n c e n t r a t i o n  
p r o f i l e s  o f  F ig u r e  I V -11. The c a t a l y s t  t e m p e ra tu r e  o f  s te a d y  
s t a t e  #3 i s  160°K below th e  u n iq u e  s t e a d y  s t a t e  v a l u e ,  Tfl = 959°K, 
and  th e  c o n v e r s io n  l e v e l s  a r e  e s s e n t i a l l y  e q u i v a l e n t .  I f  c a t a l y s t  
s i n t e r i n g  were a  p ro b lem , s te a d y  s t a t e  #3 would be th e  p r e f e r r e d  
o p e r a t i n g  p o i n t .  F u r th e rm o re ,  th e  177°K o f  gas  p r e h e a t i n g  r e q u i r e d  
t o  p a s s  from s te a d y  s t a t e  #3 t o  t h e  u n iq u e  s te a d y  s t a t e  s o l u t i o n  
h a s  n o t  im proved th e  r e a c t o r  p e r fo rm a n c e .
The r e s u l t s  o f  t h i s  a n a l y s i s  seem to  c o r re s p o n d  w e l l  w i th  
th o s e  o b ta in e d  by Amundson & Luss (5 )  f o r  th e  b a tc h  gas  f l u i d i z e d  
bed  w i th  j a c k e t  c o o l i n g .  As was p o in t e d  o u t  i n  C h a p te r  I ,  t h e i r  
a n a l y s i s  a l s o  d e m o n s t r a te d  t h a t  t h r e e  d i f f e r e n t  s t e a d y  s t a t e s  were 
a v a i l a b l e  t o  t h e  b a t c h  gas  f l u i d i z e d  bed o f  t h e i r  s t u d y .  The 
m a jo r  d i f f e r e n c e  be tw een  t h a t  work and  t h i s  r e s e a r c h  i s  th e  f a c t  
t h a t  a  backm ix model was used  by Amundson & L u ss .  L e v e n s p ie l  &
K u n ii  ( 6 ) d e m o n s t ra te d  t h a t  a  backmix model ca n n o t  a d e q u a te l y  
c o r r e l a t e  c o n v e r s io n  in  b a tc h  g as  f l u i d i z e d  b e d s .
In  t h i s  c h a p t e r , i t  h as  been  d e m o n s t ra te d  t h a t  a  g iv e n  r e a c t o r ,  
w i th  a  f i r s t  o r d e r  c a t a l y t i c  r e a c t i o n ,  may s u s t a i n  a  un ique  s te a d y  
s t a t e  o r  any one o f  a  t r i p l i c a t e  o f  s te a d y  s t a t e s ,  d ep en d in g  on 
th e  boundary  c o n d i t i o n s .  In  t h e  n e x t  c h a p t e r , t h e  s t a b i l i t y  o f  th e s e  
s te a d y  s t a t e s  t o  p e r t u r b a t i o n s  o f  th e  boundary  c o n d i t i o n s ,
and  T , w i l l  be  s t u d i e d .o
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CHAPTER V
STABILITY OF STEADY STATE SOLUTIONS
In  a l l  o f  th e  t h e o r e t i c a l  s t u d i e s  o f  s te a d y  s t a t e  m u l t i p l i c i t y  
I n  T a b le  1 -1 ,  I t  was d e m o n s t ra te d  t h a t  th e  even numbered s t a t e s  o f  
a  m u l t i p l e  s e t  o f  s te a d y  s t a t e s  were u n s t a b l e  even  to  sm a l l  p e r t u r b a ­
t i o n s  o f  th e  s t a t e  v a r i a b l e s .  In  many c a s e s  even  sm a l l  p u ls e  p e r ­
t u r b a t i o n s  o f  th e  boundary  c o n d i t i o n s  p ro v id e d  s u f f i c i e n t  s t im u lu s  
f o r  th e  r e a c t o r  to  p ro c e e d  t o  a  v a s t l y  d i f f e r e n t  s te a d y  s t a t e  
c o n v e r s io n  o r  o p e r a t i n g  te m p e r a tu r e .  In  th e  d i s c u s s i o n  to  f o l lo w ,  
a  s te a d y  s t a t e  w i l l  be s a id  t o  be s t a b l e  i f  a f t e r  a  d i s tu r b a n c e  
o f  f i n i t e  d u r a t i o n  and  m a g n itu d e ,  a r e a c t o r  r e t u r n s  t o  i t .
As s t a t e d  i n  C h a p te r  I ,  beca u se  th e  m a th e m a t ic a l  model f o r  
t h i s  p rob lem  in v o lv e s  s i x  d i s t r i b u t e d  p a ra m e te r  and  one lumped 
p a ra m e te r  s t a t e  v a r i a b l e s ,  i t s  s te a d y  s t a t e s  a r e  n o t  am enable 
t o  e i t h e r  l i n e a r  o r  L iapunov s t a b i l i t y  a n a l y s i s .  T h e r e f o r e ,  th e  
s t a b i l i t y  o f  th e  s te a d y  s t a t e s  o b ta in e d  f o r  th e  exam ples in  
C h ap te r  IV w i l l  be exam ined by d i r e c t  s im u l a t i o n  o f  th e  system  
t r a n s i e n t  r e s p o n s e  t o  p e r t u r b a t i o n s  o f  th e  boundary  c o n d i t i o n s ,
C. and T .Ao o
A. N o rm a l iz a t io n  o f  th e  U nsteady S t a t e  Model
The u n s te a d y  s t a t e  m ode l,  E q u a t io n s  ( 3 - 2 6 ) ,  ( 3 - 3 3 ) ,  ( 3 - 3 9 ) ,  
( 3 - 5 4 ) ,  ( 3 - 6 2 ) ,  ( 3 - 6 9 ) ,  and (3 -7 9 )  can  be n o rm a l iz e d  u s in g  th e  d e ­
f i n i t i o n s  o f  d im e n s io n le s s  c o n c e n t r a t i o n ,  t e m p e r a tu r e ,  and d i s t a n c e  
from C h ap te r  IV, E q u a t io n s  ( 4 - 7 a , b )  and ( 4 - 9 ) .  I t  w i l l  be c o n v e n ie n t
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E q u a t io n s  ( 5 - 6 ) ,  ( 5 - 7 ) ,  and ( 5 - 8 )  a r e  t h e  n o rm a l iz e d  u n s te a d y
I
s t a t e  en e rg y  b a l a n c e s  f o r  each  o f  t h e  f l u i d  p h a s e s .
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45 '  ~  ( 5 ' 6ll)g Pg
T  y, a  h .
C = —m  Elii. ( 5 -6 e )
47 p C * ;
g Pg
S tT  = C5 5 2  e x p (  3  x 2 + c 54x 4 + C5 5X 5
dXF
+ C55 d?5  + C56X6 +  C57X7 ( 5 " 7)
T y K ' c  ,  AH m c r r e f  rxn
552 €  C(V -ta)p  C T -mfv c /Kg pg r e f
( 5 - 7 a )
c . Tm(Hbc)b______ (5.7b)
€ f (V -to)p C [(Hbc> mf c '* g  pg
-T u.ra b
T (H ). m ce  b
€  A V  - to )p  C mf c r g Pg
t  y  a ' h  ,  m c p .m f
€ ,(V  4 f l ) p C  mf c gg Pg
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T 6y  a ' h  m e  n.raf
( 5 - 8 e )67 pC ,p  Cp mf r g pg
The n o rm a l iz e d  o v e r a l l  ene rgy  b a la n c e  i s  w r i t t e n  i n  t h e  form:
dX_ T
d t  T £WC I pgL o re  r e f  ps { *  C I v T l ( f b V l >t > +
+ f eX6 ( l . t ) ) ]  + i G -  Ha J  ( 5 - 9 )
The d im e n s io n le s s  form  o f  E q u a t io n  (3 -7 5 )  f o r  H^, i s :
V p C 1 ,  .1 r  ,  3X. . . .  „ dXc .xHag .
+  C a T  X  J d5 <5- 9 i>
and from  E q u a t io n  (3 -7 2 )  H„ i s
G
H = 6V JC 'M  C .  f  Ty, e x p f  —A  x +  V e x / - ^ ' ) x .G t  r  rx n  r e f  Jo  L  b ^  x,_ s  1 c ^  X,. s  2
+ Ye e x p C A ) X3] d§ ( 5 . 9 b )
The n o rm a l iz e d  boundary  c o n d i t i o n s  w i l l  be d e f in e d  a s  i n  
C h a p te r  IV.
( X X X ) . t { ? = 0  \  (  C*>( ° - t )  CA c<°-t > CA e<°-‘ >A(X1 ,X2 ,X3 J c 1  f o r  a l l  t J  V C ,  ’ C ,  * C ,  J
r e f  r e f  r e f
(5-10a)
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< V X5 ’V  at {
, 5 = 0
/  " C T ;f o r  a l l  t  c  * T c  * T _r e f  r e f  r e f
(5-10b)
The i n i t i a l  c o n d i t i o n s  a r e  t h e  s t e a d y  s t a t e  p r o f i l e s  which w ere 
d e te rm in e d  i n  C h a p te r  IV,
I f  C _ = C. ( t  = 0) and T c  = T ( t  = 0 )  a r e  s e l e c t e d ,  th er e f  Ao '  r e f  o y ’
d im e n s io n le s s  c o n c e n t r a t i o n s  f a l l  i n  th e  ran g e  0  £  X^, X2 , ^  1 ,
and th e  boundary  c o n d i t i o n s  a t  t  = o a r e
B. S o lu t i o n  T echnique
The u n s te a d y  m odel,  E q u a t io n s  ( 5 - 3 )  th ro u g h  ( 5 -9 )  i n c l u s i v e l y ,
s t e a d y  s t a t e  m odel. T hree  d i f f e r e n t  n u m e r ic a l  s o l u t i o n  te c h n iq u e s  
w ere t e s t e d  on t h i s  p ro b lem : a  c l a s s i c a l  e x p l i c i t  f i n i t e  d i f f e r e n c e
scheme ( 1 ) ,  a  method d eve loped  by S. S lu t s k y  (2 )  f o r  d i f f u s i o n  w ith  
ch e m ic a l  r e a c t i o n  i n  s h e a r  f lo w s ,  and  a  q u a s i - l i n e a r  te c h n iq u e  
d ev e lo p ed  by F. G. B l o t t n e r  ( 3 ) .
N um erica l i n s t a b i l i t i e s  were in s u rm o u n ta b le  u s in g  th e  e x p l i c i t
x ( g . t - o )  = x ( 5) s s (5-11)
and
X? ( t  = 0 ) (5-12)
x4 ( 5  = 0 , t  = 0 ) = 1 ( i  = 1 , 2 6 ) (5 -1 3 )
II
c o n s i s t s  o f  a  s e t  o f  s t i f f  e q u a t io n s  j u s t  a s  was th e  c a s e  f o r  th e
f i n i t e  d i f f e r e n c e  scheme a t  a modulus ran g e
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N o rm ally ,  t h i s  modulus ra n g e  i s  found to  be n u m e r i c a l ly  s t a b l e  f o r  
l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t io n s ,  b u t  Ames (5 )  h as  p o in te d  
o u t  t h a t  p r e s e n t l y  no s t a b i l i t y  c r i t e r i a  h as  been  d ev e lo p ed  f o r  
th e  a p p l i c a t i o n  o f  c l a s s i c a l  f i n i t e  d i f f e r e n c e  te c h n iq u e s  t o  n on ­
l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t io n s .  I t  was found t h a t  when 
th e  e x p l i c i t  f i n i t e  d i f f e r e n c e  scheme was s t a r t e d  w i th  th e  s te a d y  s t a t e  
t e m p e ra tu r e  and  c o n c e n t r a t i o n  p r o f i l e s  c a l c u l a t e d  in  C h ap te r  IV, 
th e  i n i t i a l  te m p o ra l  g r a d i e n t s  o f  th e  s t a t e  v a r i a b l e s  were v e ry  
s m a l l ,  on th e  o r d e r  o f  | ^  ~  " j  j a t  s s  ^  10  a s  they  sh o u ld  b e .
Y e t ,  w i th i n  two o r  t h r e e  tim e s t e p s  th e  s o l u t i o n  became c o m p le te ly  
u n s t a b l e .  T h is  i s  th e  ty p e  o f  b e h a v io r  d i s c u s s e d  by M o r e t t i  (4) 
f o r  some c l a s s e s  o f  e q u a t io n  system s d e s c r i b i n g  ch e m ic a l  k i n e t i c s .
S lu t s k y  (2 )  d ev e lo p ed  a s t a b l e  n u m e r ic a l  te c h n iq u e  f o r  th e  
s o l u t i o n  o f  s e t s  o f  p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  d e s c r i b i n g  
c o u p le d  d i f f u s i o n  and ch em ica l  r e a c t i o n  in  s h e a r  f lo w s .  T h is  
t e c h n iq u e  can be d e s c r ib e d  as  a two d im e n s io n a l  a n a lo g  o f  th e  Pade 
i n t e g r a t i o n  scheme used  i n  C h ap te r  IV. As i n  th e  Pade schem e, th e  
p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  a r e  q u a s i - l i n e a r i z e d  u s in g  th e  same 
t e c h n iq u e  d e s c r ib e d  i n  C h ap te r  IV f o r  th e  k i n e t i c  r a t e  te rm s  ,
E q u a t io n  ( 4 - 1 9 a , b ) .  A lthough  th e r e  a r e  s t r o n g  s i m i l a r i t i e s  betw een 
th e  d i f f u s i v e ,  f i n i t e  r a t e  c h e m is t ry  p rob lem  to  which S lu t s k y  a p p l i e d
t h i s  t e c h n iq u e  and th e  p r e s e n t  r e a c t o r  p rob lem , th e  method a p p e a r s  
to  be n u m e r ic a l ly  u n s ta b l e  f o r  a i l  r e a s o n a b l e  s t e p  s i z e s .
F. G. B l o t t n e r  (3 )  has  d eve loped  a  f i n i t e  d i f f e r e n c e  method 
f o r  th e  s o l u t i o n  o f  boundary  l a y e r  e q u a t io n s  which seem to  be n u m e ri­
c a l l y  s t a b l e  f o r  a v a r i e t y  o f  p ro b lem s .  T h is  t e c h n iq u e ,  u t i l i z i n g  an
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i m p l i c i t  f i n i t e  d i f f e r e n c e  f o r m u l a t i o n  i n  w hich th e  d i f f e r e n c e  
e q u a t io n s  a r e  d e co u p led  and  q u a s i - l i n e a r i z e d , r e d u c e s  th e  s o l u t i o n  
o f  E q u a t io n s  ( 5 - 3 )  th ro u g h  ( 5 -9 )  t o  a  t r i d i a g o n a l  m a t r ix  p ro b lem . 
The s o l u t i o n  i s  th e n  i t e r a t e d  u n t i l  a n  s p e c i f i e d  e r r o r  c r i t e r i o n  
i s  s a t i s f i e d .
E q u a t io n s  ( 5 - 3 ) ,  ( 5 - 4 ) ,  ( 5 - 5 ) ,  ( 5 - 6 ) ,  ( 5 - 7 ) ,  and  ( 5 - 8 )  can be 
e x p re s s e d  i n  v e c t o r  form a s
« B | + D X  + f(X ) +  g(X? )
w here:




f(X ) - (5 -1 4 b )
[g (x 7 ) ] T = Co, o ,  o ,  c 47x7 , c 57x7 , c67x 7] , (5 -1 4 c )
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and  D I s
D =
I n  w h ich ,
dl l d12 ° 0 0 0
d 2 l d22 d23 0 0 0
0 d32 d33 0 0 0
0 0 0 d44 d45 0
0 0 0 d54 d55 d56
0 0 0 0 d65 d66
J = p i n e x ^11 C11 + 141 X4
d12 = C12
d21 “ C21
d22 C22 + C252 exp( X5 J
d23 C23
d32 C32










The e n e rg y  b a la n c e  p e r t a i n i n g  to  th e  c a t a l y s t ,  E q u a t io n  (5 -9  ) ,  
w i l l  be h a n d le d  s e p a r a t e l y  b u t  s im u l t a n e o u s l y .
A p p ly in g  B l o t t n e r ' s  t e c h n iq u e ,  E q u a t io n  (5 -1 4 )  i s  w r i t t e n  a s  
a  sy s te m  o f  i m p l i c i t  f i n i t e  d i f f e r e n c e  e q u a t io n s  u s i n g  th e  f o l lo w in g  
a p p ro x im a t io n  scheme
^  2 5  —J___^ _____ • m “  1 , 2 , . . . , M
m,n ’ j  * 1 , 2 , . . . , 6
(5 -1 5 )
^ BX h 7 m +l ,n  h /y- h / m,n
(  )  ~   2 _________v  +  m  x
u ^ /u  "j -U '  \ j  u" u '  jm,n h . ( h  +h ) h„ h Jm m m m m
h"
m xm -l,n # m = 2 , 3  M-l
h / ( h //+ h / )  ^ ’  i  ~  1 , 2/,...,6
m m m
(5 -1 6 )
h 7 -  § - . ( 5 -1 6 a )m m m- 1 y
h "  = ^ ( 5 - 16b)m m+ 1  m '  '
and a t  m = M a  two p o i n t  s p a t i a l  g r a d i e n t  a p p r o x im a t io n ,
^ BX N X ^’n - X1? " 1 ’11
I  a c 1 )  ~  *J  1-------  » J = 1 , 2 , . . . , 6  ( 5 - 16c)
M,n hM
i s  u s e d .  F ig u re  V -l i l l u s t r a t e s  t h e  s p a t i a l - t e m p o r a l  g r i d  which 
d e f i n e s  th e  p rob lem  c o m p u ta t io n  s p a c e .  S in c e  th e  i n i t i a l  c o n d i t i o n s  
( s t e a d y  s t a t e  p r o f i l e s )  were c a l c u l a t e d  on a  v a r i a b l e  s p a t i a l  mesh, 
a  t h r e e  p o in t  c e n t r a l  d i f f e r e n c e  fo rm u la  d ev e lo p ed  by Davis ( 6 ) in  
te rm s o f  a  v a r i a b l e  s t e p ,  E q u a t io n  ( 5 - 1 6 ) ,  was u se d .  A lthough  
^m ** hm ° n ly  a t  § "  0 . 0 5 ,  t h e  n o m e n c la tu re  i s  s i m p l i f i e d  by
c=l,m=M





| = 0 , ra=l






h = |  -§m m+ 1  m
h /=§ -§  m m m- i
C-w
( n - 1 ) n
Time & Space G rid  fo r  1 - in i te  D if f e re n c e  S o lu t io n  o f  E qua t ion
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u t i l i z i n g  th e  g e n e r a l  fo rm u la ,  E q u a t io n  ( 5 - 1 6 ) ,  f o r  a l l  § . 
S u b s t i t u t i n g  E q u a t io n  ( 5 - 1 5 ) ,  ( 5 - 1 6 ) ,  an d  (5 -1 6 c )  i n t o  E q u a t io n  
( 5 - 1 4 ) ,  one o b t a i n s  a  s e t  o f  s c a l a r  e q u a t io n s  o f  th e  g e n e r a l  form
xm,n m,n-! r r  h ' “1 m4.i r  k*"1*7 “1  -  b -----------   ^ ] x^ l . n + r _ n L_J L l xm,n
k j l l L h " ( h " + h ' ) J  j  L h " h '  J  1m m m m m
h"
r  S " | x ,f 1 ,n )  + £  d..X™’n + f 4 (X™’n )
L h V + h ' ) J  j ;  i - i  j i  1 j jm m m
j  * 1 , 2 , . .  .,6
+  8 j ( x 7 ) ;  m  *  2 , 3 , . . .  , M - 1  ( 5 - 1 7 a )
a n d ,
M,n „ M ,n - l  , 6
i l l - l i   ,  1 1 1  {  x“ ’n-x“ ' 1 ,“}  + s  d „ x » > n
k  J ‘ - 1
+ f  <x“ ’n) + g j (x " ) i  J *■ 1 ,2 ........6 (5 -  17b)
F o llo w in g  B l o t t n e r ' s  m e thod ,one  assum es  an  e s t i m a t e  o f  th e  
p r o f i l e s  a t  t h e  " n th "  t im e ,  X™*n , can  be o b ta in e d ,a n d  i t  i s  
l a b e l e d  i t e r a t e  " p " .
_ m = 1 , 2 , . . . ,M
m,n = ( m,n )  ; ( 5 - 1 8 )
j  J p = l  J — i , * , . . . , 0
E q u a t io n s  ( 5 - 1 7 a ,b )  a r e  th e n  d e c o u p le d  arid fo rm u la te d  i n  such a
way t h a t  (X™, n ) can be i t e r a t i v e l y  im proved u n t i l  a  c o n v e rg e n ce  
J P
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c r i t e r i o n  i s  s a t i s f i e d . . To d eco u p le  th e  p ro b le m , one moves a l l  
te rm s  in v o l v in g  (X™’n ) ,  where i  ^ j ,  to  th e  r i g h t  and t r e a t s  them 
a s  known q u a n t i t i e s .  A l l  te rm s i n  ( X j , n ) a r e  moved to  th e  l e f t .  
T h is  p r o c e s s  y i e l d s  a  r e c u r s i o n  fo rm u la  f o r  th e  c a l c u l a t i o n  o f  th e  
" ( p + l ) t h "  i t e r a t e  o f  (X™, n ) .  H ence, one can  w r i t e
m m m m m
/ /
F — 2 —  1  c x r 1 ’11) ^ } " k d „ < x ? - n ) ^ - k f J ‘ ( C n ) j .1 1Lfi / ( h //+ h 7) J  J j  p f l  X -  j  p+1-*m m m
k {JS L <iu (x"-n ) + E d (x” ’n )
i » l  J ^  i= J + l  j l  1  1
and
W ( x7>p ]} ! j ’ ? ; ' : : : : : ” ' 1 <5- i 9 a >
kb r kb
rr- < i’”>p+i +  ^- rr11 - kdJ  <*?,nVr “M ' V ’ ‘h J *  hM M
+  g j [  (X“ ) J  } ;  J = 1 , 2 , . . . , 6  (5 -1 9 b )
E x ce p t  f o r  th e  n o n - l i n e a r  te rm s ,  k f . [ ( X ° , n ) f o r  a  g iv e n
J J P+1
" j " ,  E q u a t io n s  (5 -1 9 a )  and (5 -1 9 b )  a r e  a  s e t  o f  s im u l ta n e o u s  l i n e a r  
a l g e b r a i c  e q u a t io n s  i n  ( x°* n )p +i  w ith  a  t r i d i a g o n a l  c o e f f i c i e n t  
m a t r ix  o f  o r d e r  (M - l ) .  Thus, th e  r e c u r s i o n  fo rm u la  i s  reduced  t o  
l i n e a r  t r i d i a g o n a l  form by q u a s i - l i n e a r i z i n g  th e  te rm s ,  f j t (X ™ , n )p+^ ] »
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a s  f o l l o w s :
B f ,
;j [ <x“ , n v i ]  *  + c  i o i p K , n u (,ir v
(5 -2 0 )
T h is  l i n e a r i z a t i o n  i s  pe rfo rm ed  a t  each  p o s i t i o n ,  m, a t  each  t im e ,  
n ,  and f o r  e a c h  i t e r a t i o n ,  p .  S u b s t i t u t i n g  E q u a t io n  (5 -2 0 )  i n t o  
E q u a t io n s  ( 5 - 1 9 a ,b ) ,o n e  o b t a i n s :
r  h " “I i r  i - h " - h '
k b , ,   B ; (Xm- 1 -n ) ^  + U - k T b , , :  - a - B -  I
 ^ J  J p + l  ^  L  1 1 -  h ” h '  J
m m m m m
B f, -v r- h “) ., « /  i i i. / i r i n j D \  i  i i rn ■ / ^f nH* 1 j t i+ d i i  + J  f ( X *  ) , - - k b . -   .(X . 9 )  =j j  x BX y m ,n ,p j  s j  yp + l  j l L  h " / h " + h ')-J  j  p+ 1
m m m
j - 1  6
k - I S  d (X“ , n ) + 2  d (X®*n ) + g T ( X " )  ]
j i  i  P+1 i = j + i  J l  i  P j  '  p
- Bf, >. m ~  2 , 3 , . . .M - l
+  f . [ (X ® , n ) ] -  (  (x“ ,n ) r; . , 0 , ( 5 -2 1 a )J J P V 9X. A . n . p '  j  'p J  j  = 1 , 2 , . . , 6
a n d ,
^ 1  (xM - l ,n  + r  _ J1  + d . ( '  ^  \  (XM,n)
h / j  'p+1  L L h / j j  ^  BXj ' / M ,n ,p J  J j  'p+1
m M
kijl dii(xi’n)p+i + t j +1 v x?,n>P+ gi[(x7>p]=j+i
d f ,  n M,n_ M,n _ r  o1 ! N , ,n )
1 C<XJ ) p | i  j  -  1 . 2 . . . . 6  < 5 - 2 1 b ,
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E q u a t io n s  ( 5 - 2 1 a , b ) ,  a  t r i d i a g o n a l  sy s tem  o f  (M -l)  e q u a t io n s  i n  (M -l)  
unknowns f o r  each  j ,  c a n  be w r i t t e n  s u c c i n c t l y  i n  m a t r ix  form  a s
A ( u ) p + 1  » q (5 -2 2 )
The te rm s  o f  E q u a t io n  (5 - 2 2 )  a r e  expanded by s u b s t i t u t i n g  
ra = 2 , 3 , . . . ,(M -l)  i n t o  E q u a t io n  (5 -2 1 a )  and m = M i n t o  ( 5 - 2 1 b ) .  
P e r fo rm in g  th e  i n d i c a t e d  o p e r a t i o n s  , i t  becomes
C(SV l ]T -  ( x J , n V i ........... <5 ' 23>
A =
a l l  a i 2
a 21 a 22 a 23
a 32 a 33 a 34
a M ,- l ,M -2  “M -l .M -l
(5 -2 4 )
The e le m e n ts  o f  t h e  t r i d i a g o n a l  m a t r ix  K  a r e  :
‘11
(5 -2 4 a )
12 = -kb
( 5 - 2 4 b )
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a 21 kb
/  h 3 1  
J 1Lh 3' ( h " « , 3' )  -
( 5 -2 4 c )
a 22
i— «— h -h_ -i /■ 3 f , n .
H } j l [  ^ T “ J  + dJJ  + C  » f  J  3 , n , p }  <5- 24d)
3 3 J
r  h 3a  -  -kb  J ------- =2-------  : ( 5 -2 4 e )
23 J l u  h " ( h ;+ h 3' )  J
k  b n
V i , » - 2  -  <5‘ 24f)
{ l ' C  H 1  +  d) j  +  (  a x p  M .n .p ]  }  ( 5 - 2 4 s )
S i m i l a r l y ,  t h e  e le m e n ts  o f  t h e  v e c t o r  q become:
q i  ■  k i  £  v ^ ' V  +  v x ? ’ V « j C ( 4 > p 3
1  ^ > n \  ^  +  V  A  /’ V 2 , n )





. J   -1  (X1 ,n )  ( 5 - 25a)
J V c h X > J  J 11+1
2 2 2
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< 2  ■  V X i " V l  +  J  +  ¥ ( X 7 > p ]3 ,n .
(5 -2 5 b )
qM-i -  V ^ V  + J +1
.■ d f .
+ k L(Xn ) 1 -  f  [(XM»ri) 1 +  (  — ^  (X ^, n ') r ( 5 - 2 5 c )
8 j U  7 ; p J r j U  j  Jp J + V dXj ^ n . p ^ j  JpJ
An e f f i c i e n t  a l g o r i t h m  to  s o lv e  E q u a t io n  (5 -2 2 )  h a s  b een  p u b l i s h e d  
by Conte ( 7 ) .
E q u a t io n  (5 -2 2 )  i s  s o lv e d  f o r  j  ■ 1 , 2 , . . .  ,6 to  o b t a i n  im proved 
e s t i m a t e s  o f  t h e  gas  c o n c e n t r a t i o n  and  te m p e r a tu r e  p r o f i l e s  a t  " n " .
To u p d a te  th e  c a t a l y s t  t e m p e r a tu r e  X^, E q u a t io n  (5 -  9 )  i s  w r i t t e n
i n  t h e  form
dX
= * ( t )  (5 -2 6 )
where
T
f ( t > “  r i s e -  V v w w ^ ^ w 1 - ' )r e f  ps
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T h is  can  be  a p p ro x im a te ly  I n t e g r a t e d  by th e  t r a p e z o i d a l  r u l e  (1 )  
t o  y i e l d
x“  «  | [ Y ( t - f k )  + Y ( t ) ]  +  x" " 1 ( 5 - 2 7 )
The t r a p e z o i d a l  r u l e  was found  to  be s u f f i c i e n t l y  a c c u r a t e  f o r  t h i s
I n t e g r a t i o n  b e c a u se  th e  tim e r e s p o n s e  o f  I s  h ig h l y  damped by
th e  l a r g e  th e rm a l  c a p a c i t a n c e  o f  t h e  b a tc h  o f  c a t a l y s t .  From
E q u a t io n s  ( 5 - 9 ) ,  ( 5 - 9 a ) ,  and ( 5 - 9 b ) ,  i t  i s  se e n  t h a t  Y (t+ k )  i s
c l e a r l y  a f u n c t i o n  o f  t h e  s t a t e  v a r i a b l e  p r o f i l e s  ( xT ' n ) .
J P
T h u s ,  a s  th e  e s t i m a t e s  o f  th e  (X^, n ) ' s  a r e  u p d a te d ,o n e  can  a l s o  
im prove th e  e s t i m a t e  o f  X^. H ence , E q u a t io n  ( 5 - 2 7 )  i s  r e w r i t t e n  
a s  an  i t e r a t i o n  fo rm u la  a s  f o l l o w s :
(X7 V l  = 2 [ ^ ( t - H c )  + * ( t ) ]  + x" " 1 ( 5 - 2 8 )
The s o l u t i o n  to  E q u a t io n s  (5 -1 4 )  and (5 - 9 )  i s  o b t a in e d  by
i t e r a t i v e l y  a p p ly in g  E q u a t io n s  (5 -2 2 )  and (5 -2 8 )  u n t i l  an  e r r o r
c r i t e r i o n ,  d e f in e d  by
m n <X7 ’n >o+l -  <x 7 , n >n 111 "  ! - 2  ME™ = - J  --------- 3----- £  <  c ; , ( 5 -2 9 )
(x” ’n) 5 = i * 2 , .  . • ,7
J P
i s  s a t i s f i e d .
The co nvergence  r o u t i n e ,  E q u a t io n  ( 5 - 3 0 ) ,  was fo rm u la te d  to
. * . _ j  lfiii, n  % a , n . j  / „m, n — 1 *u s e  a  w e ig h ted  a v e ra g e  o f  (X. ) , ,»  (X, ) , and  (X, ) .
J P + -1- J P  J
(xj ’n>p+2= r<xj ,n>P+ i + r '<x7,n>P + r/,(x7 ,n_13 <5- 3°>
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E x p er im en ts  w i th  t h i s  co n v e rg e n c e  r o u t i n e  r e v e a l e d  t h a t  co n v e rg e n ce  
t o  a  g iv e n  € was m ost r a p i d l y  a t t a i n e d  w i th  x r =  r ' J = 0 , and r  = 1 . 
E a r ly  e x p e r im e n ts  w i th  t h i s  p r o c e d u re  a l s o  i n d i c a t e d  t h a t  a s  e 
was d e c re a s e d ,  th e  number o f  i t e r a t i o n s  r e q u i r e d  to  s a t i s f y  E q u a t io n  
(5-29) i n c r e a s e d  r a p i d l y .  However, once a s t e a d y  s t a t e  s o l u t i o n  
was r e a c h e d ,  o n ly  one i t e r a t i o n  was needed  to  s a t i s f y  E q u a t io n  
(5 -2 9 ) .  For t h e  c o m p u ta t io n s  p r e s e n t e d  h e r e ,  € = 0.017. was u s e d .
In  o r d e r  to  i n i t i a t e  the  i t e r a t i o n  a t  e a c h  t im e  s t e p ,  " n " ,  
a  f i r s t  i t e r a t e ,  (X™, n ) p_ ^ ,  i s  r e q u i r e d .  I t  was found  t h a t
<x j ’n )p = 1  = X j ’n _ 1  (5 -
ID H" 1was a  c o n v e n ie n t  s t a r t i n g  p o i n t .  Of c o u r s e ,  a t  t  = 0 ,  (Xj* ) i s
th e  s te a d y  s t a t e  p r o f i l e  g e n e r a te d  i n  C h a p te r  IV.
A com puter p rogram  was w r i t t e n  t o  p e r fo rm  th e  above  u n s te a d y
s t a t e  c a l c u l a t i o n s .  F ig u r e  V -2a ,b  i s  a  l o g i c  flow  d ia g ra m  f o r  t h i s
program . The i n p u t  b lo c k  r e a d s  t h e  d e s ig n  p a r a m e te r s  and p h y s i c a l
p r o p e r t i e s ,  uq , m, nQ, Lm f, dp , 0g , Cp s , pg , Yb> AE, D ,,
p , ll, k , and C g iv e n  i n  T a b le  IV -1. In  th e  i n i t i a l i z a t i o n
V  8  P8
b l o c k , t h e  c o e f f i c i e n t s  o f  E q u a t io n  (5 -1 4 )  a r e  c a l c u l a t e d .  The
l o g i c  o f  t h i s  p rogram  i s  d e s ig n e d  to  s im u la te  a  d i s t u r b a n c e  i n  th e
boundary  c o n d i t i o n s , ( C .  ) -* c /  and  (T ) -♦ T*, o f  d u r a t i o n ,  k .
3  * Ao s s  Ao O 58 o p
T h is  f l e x i b i l i t y  p e r m i t s  s i m u l a t i o n  o f  e i t h e r  p u l s e  d i s t u r b a n c e s  
(k p — 0 ) o r  s q u a re  wave s i g n a l s  o f  lo n g e r  d u r a t i o n .
B l o t t n e r ’ s method proved  t o  be q u i t e  s t a b l e  f o r  t h i s  p rob lem  
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FIRST GUESS AT "n" th
TIME STEP (x m ,n ) , 
j  'p = l
E q u a t io n  (5 -3 1 )
Logic Flow Diagram f o r  U nsteady S t a t e  Model Computer Program
FIGURE V-2 ( a )
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m ,n - l m,n
p+ 1 A E q u a t io n  (5 -2 4 )  
q E q u a t io n  (5 -2 5 )










t  = TSTOP
YES
RETURN
Logic Flow Diagram f o r  U nsteady S t a t e  Model Computer Program
FIGURE V -2(b)
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0 .0 1  =£ A§ * 0 .1  
0 .0 0 1  <; At £ 1
I t  was found t h a t  a s  t h e  s t e p  s i z e  was I n c r e a s e d ,  th e  number o f
i t e r a t i o n s  r e q u i r e d  to  s a t i s f y  a  g iv e n  t o l e r a n c e ,  € ,  i n c r e a s e d .
The o p t im a l  s e t  o f  s t e p  s i z e s  a p p e a re d  to  be
A§ = 0 .001  f o r  5 *  0 .05
-  0 .1  f o r  |  >  0 .0 5
At -  0 .0 1
C. S t a b i l i t y  o f  S tea d y  S t a t e  S o l u t i o n s  t o  P u l s e  P e r t u r b a t i o n s  
In  most o f  t h e  t h e o r e t i c a l  s t u d i e s  o f  s t e a d y  s t a t e  m u l t i ­
p l i c i t y  i n  T a b le  1 - 1 ,  s t a b i l i t y  s t u d i e s  d e m o n s t r a te d  th e  e x tre m e  
i n s t a b i l i t y  o f  t h e  i n t e r m e d i a t e  (ev en  num bered) s t e a d y  s t a t e  
s o l u t i o n s .  In  m ost c a s e s ,  even  a  s m a l l  p u ls e  p e r t u r b a t i o n  
o f  th e  i n l e t  c o n c e n t r a t i o n  o r  t e m p e r a tu r e  cau sed  a r e a c t o r  to  p a s s  
from th e  i n t e r m e d i a t e  s t e a d y  s t a t e  to  one o f  t h e  o t h e r  o p e r a t i n g  
p o i n t s .  Thus, i n i t i a l l y ,  th e  p u ls e d  t r a n s i e n t  r e s p o n s e  f o r  th e  
s t e a d y  s t a t e  s o l u t i o n s  c a l c u l a t e d  i n  C h a p te r  IV was s im u l a t e d .
P u ls e  d i s t u r b a n c e s  i n  b o th  C. and  T w ere c o n s id e r e d .  I n  o r d e rAo o
t o  s im u la te  a  p u l s e  u s in g  th e  com pute r  program  shown i n  F ig u r e  V -2 a ,b ,
t h e  d u r a t i o n  o f  t h e  d i s t u r b a n c e ,  k , was s m a l l ,  o f  th e  o r d e r  o f
P
0 .1T  . P u lse  m a g n itu d e s  o f  +95% to  -95% i n  b o th  C. and T w ere m Ao o
examined. N o rm a lly ,  o p e r a t i n g  p l a n t s  would n o t  e x p e r i e n c e  u p s e t s  
o f  g r e a t e r  m agn itude  th a n  t h i s ,  t h e r e f o r e ,  i t  was c o n j e c t u r e d  t h a t  
a " p r a c t i c a l  r e g io n  o f  s t a b i l i t y "  can  be i n f e r r e d  from t h i s  l i m i t e d  
number o f  c a l c u l a t i o n s .
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I n  t h e  p u l s e d  t r a n s i e n t  c a l c u l a t i o n s ,  t h e  I n i t i a l  p r o f i l e s
f o r  t h e  s t a t e  v a r i a b l e s ,  X ( § , t = 0 ) ,  a r e  th e  s t e a d y  s t a t e  p r o f i l e s .
The boundary  c o n d i t i o n s ,  CAq and Tq , a r e  p u ls e d  from t h e i r  s t e a d y
v a l u e s ,  (CA ) and  (T ) , t o  C.; and T y (See F ig u re  V -4b).Ao s s  0  8 8  Ao o °  '
The m a g n itu d e  o f  a p u l s e  i s  s im p ly  e x p re s s e d  by th e  p e r c e n ta g e  
change i n  th e  boundary  c o n d i t i o n ,  e . g . ,
C.# -<CA ) -i Ao Ao ph i
“Ao " ^ A o ^ s sC  L I T - )  ■ [  CA°c,(C) ° ) a s ] 100 (5 -3 1 )
P e r fo rm in g  th e  c a l c u l a t i o n  o u t l i n e d  a b o v e ,  i t  was found each 
o f  t h e  f o u r  s t e a d y  s t a t e  s o l u t i o n s  was s t a b l e  t o  p u l s e s  o f  +95%,
+50%, +10%, -10%, -50%, -95% i n  A p u l s e  o f  th e  i n l e t  c o n ­
c e n t r a t i o n ,  was r e f l e c t e d  by a  d i s t u r b a n c e  i n  th e  c o n c e n t r a t i o n
p r o f i l e s  o f  e a c h  f l u i d  p h a s e ,  w hich was d i s s i p a t e d  a f t e r  a p e r io d  
o f  t i m e ,  t  => Td . F ig u r e  V-3 i s  a  p l o t  ( f o r  s t e a d y  s t a t e  #2 )  o f  th e  
p e r c e n t  change o f  th e  e f f l u e n t  b u b b le  ph ase  c o m p o s i t io n ,
^ ( t )  =  |   ^ A b f . ^ 8 .s  j - io o  , ( 5 - 3 2 )
^CA b P s s
v e r s u s  d im e n s io n le s s  t im e i n  u n i t s  o f  T f o r  C. p u l s e s  o f  +95%,m Ao
+507., +107., -10%, -50%, and -95%, r e s p e c t i v e l y .  I t  can  be seen  
t h a t  a  r e l a t i v e l y  s h o r t  p e r io d  ( t ^ £ 3 .7  T ) o f  t im e  i s  r e q u i r e d  
f o r  t h e  t r a n s i e n t s  to  d i s s i p a t e .  F u r th e rm o re ,  th e  m ag n itu d e  o f  
t h e  d i s t u r b a n c e  in  th e  r e a c t o r  i s  c o n s id e r a b ly  s m a l le r  th a n  th e  
m agn itude  o f  th e  d i s tu r b a n c e  i n  C^o> | | £15%. The o t h e r  t h r e e  
s te a d y  s t a t e  s o l u t i o n s  d i s p l a y e d  a  s i m i l a r  b e h a v io r ,a n d  T ab le  V-l
FIGURE V-3 
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TABLE V-l
Time Response o f  Steady S t a t e  S o lu t io n s  to  P u ls e s  i n
■+95% P u lse +50% P u lse +10% P u ls e -]L0% P u lse -50% P u lse -95% P u ls e
V  ( V L x Td ( V m a x Td  ^\ ^ m a x Td ( V m a x Td ( V m a x Td < V m a x
Unique 
S teady S t a t e 1 .1  42% 1.1 2 1% 1 . 1 2% 1 . 1 -29% , 1.1 -37% 1.1 -59%
S teady  S t a t e  
# 1 3 .5  14% 3 .3 7.4% 2.7 1.4% 3 .0 -1.4% 3 .6 -7.4% 4 .0 -14.3%
S tead y  S t a t e
n
3 .7  15.5% 3 .5 8 . 2% 2.9 1.4% 2.9 -1.4% 3 .5 - 8 . 2% 3 .6 -15.5%
Steady  S ta t e  
#3 1 .3  44% 1 . 2 2 2% 1.1 3% 1 . 0 -15% 1.2 -29% 1 . 2 -53%
i s  th e  e la p s e d  tim e r e q u i r e d  f o r  a  d i s tu r b a n c e  to  d i s s i p a t e  e x p re s s e d  i n  u n i t s  o f  T^. 
( Aj)mav i s  th e  maximal p e r c e n t  change i n  th e  e f f l u e n t  b u b b le  phase  co m p o s i t io n
sum m arizes th e  r e s u l t s  o f  th o s e  c a l c u l a t i o n s .  In  t h i s  t a b l e ,  
i s  maximum d e v i a t i o n  o f  the e f f l u e n t  b u b b le  p h ase  com­
p o s i t i o n  from  i t s  s te a d y  s t a t e  v a lu e ,a n d  i s  e x p re s s e d  i n  u n i t s  o f  
Tff l,w hich i s  2 0 .5  s e c .  f o r  t h i s  p rob lem . T h i s  Tm i s  c a l c u l a t e d  
by s u b s t i t u t i n g  v a lu e s  from  T ab le  IV-1 i n t o  E q u a t io n  ( 5 - 2 ) .
I f  th e  i n l e t  gas t e m p e r a tu r e ,  Tq , i s  p u ls e d  by +957,, +507.,
+10%, -10%, -25%, o r  -50%, th e  t r a n s i e n t  s i m u l a t i o n  s t a r t i n g  a t  
each  o f  th e  s t e a d y  s t a t e s  i s  i n v a r i a n t .  There  i s  no a p p a r e n t
d i s t u r b a n c e  i n  e i t h e r  th e  c o m p o s i t io n  o r  t e m p e r a tu r e  p r o f i l e s  o f
th e  f l u i d  p h a s e s .
In  C h a p te r  I V , i t  was i n f e r r e d  t h a t  t h e  b e h a v io r  o f  t h e  a u t o -  
t h e rm a l  g as  f l u i d i z e d  i s  dom inated  by t h e  c a t a l y s t  t e m p e r a tu r e .  
F ig u r e s  IV -3 ,  IV -4 , IV -5 ,  and IV-6  show t h a t  f o r  a g iv e n  s e t  o f  
boundary  c o n d i t i o n s ,  th e  c o n v e r s io n  l e v e l  and  th e  o v e r a l l  ene rgy  
b a la n c e  a r e  s t r o n g l y  d ependen t on th e  c a t a l y s t  t e m p e r a tu r e .
T h e r e f o r e ,  s i n c e  T was n o t  a f f e c t e d  by C, and T p u l s e s ,  f o r  * s Ao o
t h e  c a l c u l a t i o n s  l i s t e d  i n  Tab le  V - l ,  i t  m igh t  be e x p e c t e d  t h a t  
t h e  r e a c t o r  s h o u ld  r e t u r n  t o  i t s  i n i t i a l  s t e a d y  s t a t e  o p e r a t i n g  
p o i n t .
An o r d e r  o f  m agn itude  a n a l y s i s  f o r  th e  s i m p l i f i e d  o v e r a l l
e n e rg y  b a l a n c e  on th e  bed  i n  F ig u re  V-4a w i l l  g iv e  a  sem i-
q u a n t i t a t i v e  i n s i g h t  i n t o  t h e  s t a b i l i t y  o f  Tg . The on ly  s o u rc e
o f  energy  f o r  t h i s  r e a c t o r  i s  th e  l a t e n t  en e rg y  c o n te n t  o f  th e  
•  •
f e e d ,  E , , and  a t  s t e a d y  s t a t e ,  t h e  f r a c t i o n  o f  ( E . )  which i s  i  J l  s s
r e l e a s e d  i s  q u a n t i t a t i v e l y  ab so rb ed  by th e  gas s t r e a m ,  th u s  l e a v in g
th e  c a p t i v e  mass o f  c a t a l y s t ,  W, a t  a  s t a b l e  t e m p e r a tu r e ,  (T ) .s s s
(E )  = mC [ f ,  T , ,+ f  T ,,+f T ,-T  c ]'  o as  pg b c g c f  e g e f  r e f
Energy  ^
( C a p a c i ty  ) = WC (AT )
v  o f  C a t a l y s t  ps s
W A V
+ mC [T - (T  ) ]}A0
p g  O  '  O  3 8
< V bb ■ « (CAo) b b (XA>bb
+  * Cp g CCIo ) . . - Tr e f :1
S teady  S t a t e  & P u ls e  Energy I n p u t s  to  R e a c to r  








To & CAq P u ls e  & Square  Wave S ig n a l  
FIGURE V- 4(b )
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However, I f  t h e r e  were a  p u l s e  change i n  t h e  f e e d  c o n d i t i o n s ,
(C. ) -* o r  (T ) “♦ T*, a d d i t i o n a l  e n e rg y ,  AE, would
AO 8 8  AO 0  8 8  O
su d d en ly  be a v a i l a b l e  to  t h e  b e d .  T ha t l a t e n t  en e rg y  c o n t e n t ,  AE, 
whose l i m i t i n g  m agn itude  i s
AE * CQ[Ca'  -(C . ) ]  AH +  m C [ t ' - ( T  ) ]}A9,Ao '  Ao s s  rx n  pg o o / s s JJ
can  e l e v a t e  b o th  th e  c a t a l y s t  t e m p e r a tu r e  and  th e  g as  t e m p e r a t u r e .  
The g r e a t e s t  change  i n  c a t a l y s t  t e m p e r a t u r e ,  (AT ) , t h a t  can
8 ulaX
r e s u l t  o c c u r s  when AE i s  q u a n t i t a t i v e l y  a b s o rb e d  by th e  b a tc h  
o f  c a t a l y s t .  The th e rm a l  c a p a c i t y  o f  t h e  c a t a l y s t  i s
t h e rm a l  c a p a c i t y  A  = „  c  (fiT (5
V o f  c a t a l y s t ,  c a l ^  p s  s
hence  (ATg)pu)y i s  r e l a t e d  to  Ae by:
W C (AT ) = AE (5ps  s max
S u b s t i t u t i n g  E q u a t io n  (5 -3 3 )  i n t o  E q u a t io n  (5 -3 5 )  and s i m p l i f y i n g  
y i e l d s
u AH
^ Ts^max ^  i  &L(Yb+Yc+Ye )P s Cps  *’CA o"(CAo'ls s ^  
u P C
. ---------°  ¥ PR [ T / - (T  ) A0 (5
6L(V,+V +Y )P C L o  ' • o  s s jJ ^vTb Tc e s  ps
The s q u a re  wave s i g n a l  ( s o l i d  l i n e )  i n  F ig u re  V-4b w i l l  be  assum ed 
to  ap p ro x im a te  th e  p u l s e  s i g n a l  ( d o t t e d  l i n e )  i f  A9 ^ 0 . 1  t ^ .  




0 .1  AH [ 6 + e f ( l - 6 ) ]
<AV m a * S 6( V -™ V  )p C------------  t c ; o-(CAo) a s ]b c e rs ps
O.lp [6+€mf( l - 6 ) ] C  
+ . .  S . . „-----ES [T -(T ) ]
6(Yb+ V Y e )PBcps o s s
(5 -
The m ag n itu d e  o f  t h e  f i r s t  te rm  i n  E q u a t io n  (5 -3 7 )  i 6 l i m i t e d
b e c a u se  th e  m o la r  c o n c e n t r a t i o n  o f  a g aseo u s  fe e d  i s  s m a l l  ( o f  th e  
-5  3o r d e r  o f  10 gm-mole/cm ) .  F o r  exam ple ,  i f  w ere h a lv e d  o r  
d o u b le d , th e  m agn itude  o f  t h i s  t e rm ,  s u b s t i t u t i n g  v a lu e s  from  
T a b le  I V - l , i s
° ' 1
6< W V P8CpS
£ 0.6°K
A s i m i l a r  a n a l y s i s  f o r  th e  second  te rm  o f  E q u a t io n  ( 5 - 3 7 ) ,
i n  w hich  Tq i s  h a lv e d  o r  d o u b le d ,  i n d i c a t e s  t h a t  i t s  m ag n itu d e  i s
l i m i t e d  by th e  t y p i c a l l y  s m a l l  v a l u e  o f  g a s  d e n s i t i e s ,  p ( o f  th e
8
-3  3o r d e r  o f  1 0  gm/cm a t  1 a t m . ) :
0 .1  p „ [ 6+€m f( l - 6 ) ] C „ o(To )
6 (V,+Y +Y )P c  v Tb c e s p s
pg o s s ^  0 .35°K
T h u s ,  i t  seems t h a t  i t  i s  t h e  l a r g e  d i s p a r i t y  betw een gas  and
c a t a l y s t  d e n s i t y  t h a t  a c c o u n ts  f o r  th e  s t a b i l i t y  o f  T t o  p u l s e ss
in  C. and T . F u r th e rm o re ,  i t  i s  th e  s t a b i l i t y  o f  T and  th e  Ao o J  s
e x c e l l e n t  g a s - s o l i d  h e a t  t r a n s f e r  w i t h i n  th e  bed t h a t  a p p e a r s  to  
be p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  r e a c t o r  s t a b i l i t y .  I t  m igh t be
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s a i d  by a n a lo g y  t o  m e c h a n ic a l  sy s tem s  t h a t  th e  p r e s e n c e  o f  a  
l a r g e  mass o f  c a t a l y s t  h a v in g  a  h ig h  a f f i n i t y  to  t r a n s f e r  th e rm a l  
e n e rg y  p ro v id e s  a  " th e rm a l  f ly w h e e l  e f f e c t " .  As i n  th e  m e ch an ic a l  
s y s te m ,  t h e  " th e rm a l  f ly w h e e l"  s e r v e s  t o  damp o u t  even  l a r g e  p u l s e  
d i s t u r b a n c e s  i n  t h e  i n f l u e n t  c o n d i t i o n s .  However, i f  a  s q u a re  
wave s i g n a l  o f  lo n g e r  d u r a t i o n  i s  c o n s id e r e d ,  th e  c a t a l y s t  temp­
e r a t u r e  e v e n t u a l l y  w i l l  c h a n g e .  W i l l  t h e  s te a d y  s t a t e  s o l u t i o n s ,  
e s p e c i a l l y  s te a d y  s t a t e  # 2 , be s t a b l e  i n  t h i s  c a s e ?
D. S t a b i l i t y  o f  S teady  S t a t e  S o lu t i o n s  t o  S quare  Wave D is tu r b a n c e s
I n  a  c o ra n e r ic a l  p l a n t , i t  i s  common t o  e n c o u n te r  d e p a r t u r e s  from
s te a d y  s t a t e  fe e d  c o n d i t i o n s  o f  much lo n g e r  d u r a t i o n  th a n  th o s e
d i s c u s s e d  ab o v e .  I f  t h e  d u r a t i o n  o f  a  s q u a re  wave d i s t u r b a n c e  i s
lo n g  enough , th e  c a t a l y s t  t e m p e ra tu r e  must d r i f t .  The o b j e c t i v e
o f  the  c a l c u l a t i o n s  t o  f o l lo w  was to  exam ine what was r e q u i r e d
f o r  a  p e r t u r b a t i o n  o f  r e a s o n a b l e  m a g n i tu d e ,  e . g . ,  a  + 107.
v a r i a t i o n  i n  C. o r  a  +  10°K v a r i a t i o n  i n  T , to  a f f e c t  th e  c a t a l y s t  Ao ~  o
t e m p e r a tu r e ,  and what ty p e  o f  v a r i a t i o n s  i n  c a t a l y s t  t e m p e r a t u r e ,
AT , le a d  to  r e a c t o r  i n s t a b i l i t y .
F ig u r e s  V-5 and V- 6  show th e  t r a n s i e n t  r e s p o n s e  o f  Tg and
r e s p e c t i v e l y ,  f o r  s t e a d y  s t a t e  # 2  f o l l o w in g  a  s q u a r e  wave d i s t u r b a n c e
o f  +10°K i n  Tq and  l a s t i n g  10 T , i . e . ,  3 .4 2  m in u te s .  A v a r i a t i o n
i n  T o f  AT = 2 . 16°K o c c u re d  d u r in g  th e  i n t e r v a l  At = 10 t  , and s s m
i t  h as  c au sed  th e  r e a c t o r  t o  p a s s  from  s te a d y  s t a t e  # 2  to  s te a d y
s t a t e  #3 i n  a  t im e  p e r io d  t , = 405 T , i . e . ,  2 .3  h o u r s .  S i m i l a r l y ,a m
F ig u r e s  V-7 and V- 8  i l l u s t r a t e  th e  t r a n s i e n t  r e s p o n s e  o f  T ands
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FIGURE V-5
T v s .  t  F o l lo w in g  a  D is tu rb a n c e  in  T 
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FIGURE V-6
A, v s .  t  F o l lo w in g  a D is tu rb a n c e  i n  T 
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FIGURE V-8
v s .  t  F o l lo w in g  a D is tu rb a n c e  i n  C.
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A. , r e s p e c t i v e l y ,  f o l l o w in g  a  10% r e d u c t i o n  o f  C. l a s t i n g  10 T 
d Ao m
f o r  t h i s  s t e a d y  s t a t e .  F o l lo w in g  an  i n i t i a l  v a r i a t i o n  in  c a t a l y s t  
te m p e r a tu r e  o f  2 .10°K , a  p e r io d  o f  42lTm> i . e . ,  2 .3 8  h o u r s ,  were 
r e q u i r e d  f o r  th e  r e a c t o r  t o  p a ss  from s te a d y  s t a t e  # 2  down to  
s t e a d y  s t a t e  # 1 .  Thus, i t  a p p e a rs  t h a t  th e  even  num bered s t e a d y  
s t a t e  o f  t h i s  s tu d y  i s  n o t  s t a b l e  t o  s m a l l  ( e . g .  2°K) v a r i a t i o n s  o f  
th e  c a t a l y s t  t e m p e r a tu r e ,  and  c a t a l y s t  t e m p e r a tu r e  v a r i a t i o n s  
o f  t h i s  m agn itude  seem to  r e s u l t  from s q u a re  wave d i s t u r b a n c e s  o f  
a  m agn itude  and d u r a t i o n  t h a t  m ig h t be e x p e c te d  t o  o c c u r  in  
p r a c t i c e .
On th e  o t h e r  h a n d ,  t h e  s im u l a t i o n  o f  th e  same ty p e  o f  
d i s t u r b a n c e  i n  fe e d  t e m p e ra tu r e  does  n o t  seem to  c a u s e  a  
d i s tu r b a n c e  i n  Tg o r  th e  te m p e r a tu r e  and  c o n c e n t r a t i o n  p r o f i l e s  
o f  th e  r e a c t i n g  f l u i d  when a p p l i e d  to  t h e  o t h e r  s t e a d y  s t a t e s .
I f  t h e  fe e d  c o n c e n t r a t i o n  i s  p e r t u r b e d ,  a s  ab o v e ,  f o r  th e  s t e a d y  
s t a t e  s o l u t i o n s  o t h e r  th a n  s te a d y  s t a t e  # 2 , a s m a l l  s im u l a t e d  
r e s p o n s e  i s  o b s e rv e d  w hich r a p i d l y  d i s s i p a t e s .  T a b le  V-2 
sum m arizes th e  r e s u l t s  o f  th e s e  c a l c u l a t i o n s  f o r  ea c h  s te a d y  s t a t e .
I n  summary, i t  i s  co n c lu d e d  t h a t  t h e  i n t e r m e d i a t e  s t e a d y
s t a t e  o f  th e  t r i p l i c a t e  o f  s te a d y  s t a t e s  c a l c u l a t e d  in  C h a p te r  IV
d i f f e r s  from  th e  even  numbered s t a t e s  o b ta in e d  i n  s i m i l a r  s t u d i e s
l i s t e d  i n  T ab le  1-1  i n  t h a t  i t  i s  a p p a r e n t l y  s t a b l e  to  l a r g e  p u l s e
p e r t u r b a t i o n s  o f  t h e  boundary  c o n d i t i o n s .  However, s q u a re  wave
d i s t u r b a n c e s  o f  r e a l i s t i c  m ag n itu d e  and d u r a t i o n  c a n  a l t e r  th e
c a t a l y s t  te m p e ra tu r e  s u f f i c i e n t l y  (AT ^  +2°K) t o  e x c i t e  as
t r a n s i e n t  r e s p o n s e  which c a u s e s  th e  r e a c t o r  to  p ro c e e d  from
TABLE V-2
Time Response o f  S teady  S t a t e  S o lu t io n s  
to  + 10% Square  Wave D is tu rb a n c e s  i n  C.
% Change
i n  C,Ao
1




S teady  S t a t e - 1 0% 2 8.0 - 7 .5 3 .9
S tead y  S t a t e  
# 1
+ 1 0% 15.5 + 1 0% 0
S tead y  S t a t e
n
- 10% 420.5 +40.5% 2 . 1
Steady  S t a t e  
#3
- 1 0% 3 3 .5 - 6 . 8% 4 .25
= tim e r e q u i r e d  f o r  r e a c t o r  t r a n s i e n t  to  d i s s i p a t e  i n  u n i t s  o f
(ft. ) = 100 f  (C^ f)msy~(.CAbf2g£~|
VT> L  (CAb£) . .  -I
s te a d y  s t a t e  #2 t o  one o f  th e  o t h e r  s t a b l e  s te a d y  s t a t e s .  Which 
o f  t h e  o t h e r  s t a t e s  I s  a p p ro a c h e d  i s  d ep en d e n t on w h e th e r  th e  
c a t a l y s t  te m p e ra tu re  i s  i n c r e a s e d  o r  d e c r e a s e d .  L ike  s t e a d y  s t a t e  
# 2 ,  s t e a d y  s t a t e s  #1 and  # 3 ,  and  th e  u n iq u e  s t e a d y  s t a t e  a r e  s t a b l e  
even i n  c a s e s  o f  l a r g e  p u l s e s .  A d d i t i o n a l l y ,  th e y  behave 
i n v a r i a n t l y  when u p s e t  by th e  same p e r t u r b a t i o n s  i n  i n l e t  gas  temp­
e r a t u r e  t h a t  make s te a d y  s t a t e  # 2  u n s t a b l e  and show o n ly  m inor 
te m p o ra l  r e s p o n s e s ,  w hich d i s s i p a t e  q u i c k l y ,  f o r  s q u a re  wave 
p e r t u r b a t i o n s  o f  th e  i n f l u e n t  c o m p o s i t io n .
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS
As s e a t e d  i n  C h a p te r  I ,  t h i s  i n v e s t i g a t i o n  was u n d e r ta k e n  to  
s tu d y  th e  e x i s t e n c e  and  s t a b i l i t y  o f  m u l t i p l e  s t e a d y  s t a t e s  in  gas 
f l u i d i z e d  bed r e a c t o r s  u s in g  a  r e a l i s t i c  m a th e m a t ic a l  m odel.  Zr. 
p a r t i c u l a r  , th e  c a s e  o f  a n  a u t o t h e r m a l , b a t c h ,  gas  f l u i d i z e d  bed 
w i th  a n  e x o th e rm ic  p s e u d o - f i r s t  o r d e r  c a t a l y t i c  r e a c t i o n  was 
ex am in ed .
A m a th e m a t ic a l  model was d e v e lo p e d  t o  d e s c r i b e  t h i s  p rob lem  
by m o d ify in g  L e v e n s p ie l  and K u n i i ' s  " b u b b l in g  bed m o d e l" ,  which 
has  b e e n  found t o  g iv e  good ag ree m en t w i th  d a t a  on h e a t  a n d  mass 
t r a n s f e r  and i s o t h e r m a l  c a t a l y t i c  r e a c t i o n s  i n  f l u i d i z e d  b e d s .  T h is  
model was used  t o  c a l c u l a t e  t h e  s t e a d y  s t a t e  s o l u t i o n s  f o r  a 
r e a c t o r  whose d e s ig n  p a r a m e te r s  a r e  t y p i c a l  o f  th o s e  found in  
com m ercia l s c a l e  equ ipm en t and  one h a v in g  a  c h em ica l  sy s te m  whose 
p h y s i c a l ,  the rm odynam ic , and t r a n s p o r t  p r o p e r t i e s  a r e  t y p i c a l  o f  
e x o th e rm ic  gas  p h a s e ,  c a t a l y t i c  r e a c t i o n s .  I t  was found t h a t  f o r  
some s e t s  o f  i n f l u e n t  c o n d i t i o n s ,  t h i s  r e a c t o r  can  a c h ie v e  o n ly  one 
s t e a d y  s t a t e  o p e r a t i n g  p o i n t ,  b u t  f o r  o t h e r s ,  t h r e e  w id e ly  
d i f f e r e n t  s te a d y  s t a t e  s o l u t i o n s  were found .
The s t a b i l i t y  o f  t h e s e  s t e a d y  s t a t e  s o l u t i o n s  t o  d i s t u r b a n c e s  
o f  t h e  i n l e t  c o n d i t i o n s  was i n v e s t i g a t e d  by d i r e c t  s i m u l a t i o n .
I t  was found t h a t  each  o f  th e s e  s te a d y  s t a t e  s o l u t i o n s  was s t a b l e  
t o  l a r g e  p u ls e  p e r t u r b a t i o n s  o f  th e  f e e d  c o m p o s i t io n  and temp­
e r a t u r e .  T h is  s t a b i l i t y  seems to  a r i s e  from th e  i n s e n s i t i v i t y  
o f  t h e  c a t a l y s t  t e m p e ra tu r e  to  t h i s  ty p e  o f  d i s t u r b a n c e .
A p p a r e n t l y ,  th e  c h a r a c t e r i s t i c a l l y  l a r g e  d i f f e r e n c e s  be tw een  
c a t a l y s t  and  gas d e n s i t i e s  and t h e  e x c e l l e n t  g a s - s o l i d  h e a t  
t r a n s f e r  w i th i n  th e  bed  e s t a b l i s h e s  a  " th e rm a l  f ly w h e e l  e f f e c t "  
w h i c h , l i k e  i t s  m e ch an ic a l  a n a lo g ,  damps o u t  p u ls e  d i s t u r b a n c e s .
However, th e  i n t e r m e d i a t e  s t a t e  o f  t h e  t r i p l i c a t e  o f  
s te a d y  s t a t e s  was found  to  be u n s t a b l e  t o  s m a l l  ( 1 ° to  2 °K) 
v a r i a t i o n s  o f  th e  c a t a l y s t  t e m p e r a tu r e  e x c i t e d  by s q u a re  wave 
p e r t u r b a t i o n s  o f  th e  i n f l u e n t  c o n d i t i o n s  o f  a  r e a s o n a b l e  m a g n itu d e ,  
e . g . ,  +107., and d u r a t i o n ,  a b o u t  3 m in u te s .  The same p e r t u r b a t i o n s  
in d u c e d  p r a c t i c a l l y  no t r a n s i e n t  r e s p o n s e  i n  o t h e r  s t e a d y  s t a t e  
s o l u t i o n s .
Numerous a r e a s  f o r  f r u i t f u l  f u t u r e  r e s e a r c h  w ere r e c o g n iz e d  
d u r in g  th e  c o u r s e  o f  t h i s  w ork. The f o l lo w in g  p o i n t s  a r e  most 
w orthy  o f  m en tion :
( i )  In  th e  " b u b b l in g  bed m odel" , i t  i s  assumed t h a t  bubb le ,  
d i a m e te r ,  a  f a c t o r  t h a t  s t r o n g l y  a f f e c t s  th e  p r e d i c t i o n s  o f  t h i s  
s i m u l a t i o n ,  can be a d e q u a t e l y  c o n t r o l l e d  by p r o p e r  i n t e r n a l  
b a f f l i n g .  U n f o r tu n a t e ly ,  t h e r e  i s  l i t t l e  d a t a  t o  s u p p o r t  t h i s  
a s su m p tio n  f o r  com m ercia l s c a l e  e q u ip m en t .  I t  would be v a lu a b le  
t o  a s s e s s  th e  i n f l u e n c e  o f  b a f f l i n g  on b o th  b u b b le  d ia m e te r  and 
r e a c t o r  c o n v e r s io n .  F u r th e rm o re ,  i t  i s  s u g g e s te d  i n  t h e  l i t e r a t u r e  
t h a t  b u b b le  d ia m e te r  i s  l i k e w i s e  d e p e n d e n t  on th e  d e s ig n  o f  the  
i n l e t  gas  d i s t r i b u t o r .  I t  seems t h a t  d a t a  i n  t h i s  a r e a  would 
s i g n i f i c a n t l y  im prove th e  p r e d i c t i v e  c a p a b i l i t i e s  o f  t h e  p r e s e n t  
m o d e ls .
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(1 1 )  In  p e r fo rm in g  th e  c a l c u l a t i o n s  f o r  t h i s  r e s e a r c h , th e  
s im u la te d  t r a n s i e n t  r e s p o n s e  c l e a r l y  i n d i c a t e s  th e  s t a b i l i t y  o f  
th e  c a t a l y s t  te m p e r a tu r e  and i t s  dom inant i n f l u e n c e  on th e  
p e r fo rm a n ce  o f  a  gas f l u i d i z e d  b e d .  T h is  b e h a v i o r  s u g g e s t s  t h a t  
th e  g as  f l u i d i z e d  bed m igh t p r o v id e  a  means o f  im pro v in g  s e l e c t i v i t y  
i n  th e  v a p o r  p h a s e ,  p a r t i a l  o x i d a t i o n  o f  p a r a f f i n i c  h y d ro c a rb o n s ,s u c h  
a s  d i r e c t  s y n t h e s i s  o f  a c e to n e  from p ro p an e  o r  a c e ta ld e h y d e  from 
e th a n e  w i th  a  minimum o f  b y - p r o d u c t s .  The com m ercia l  p r o d u c t io n  
o f  e th y le n e  o x id e  by t h e  p a r t i a l  o x i d a t i o n  o f  e t h y l e n e  m en tioned  
i n  C h a p te r  I  o f f e r s  some encou ragem en t f o r  t h i s  i d e a .  The model 
u sed  i n  t h i s  r e s e a r c h  c o u ld  be u sed  t o  s tu d y  th e  f e a s i b i l i t y  o f  t h i s  
c o n c e p t .
( i l l )  C h a p te r  I  l i s t s  a  number o f  p u b l i c a t i o n s  d e a l i n g  w ith  
t h e  u se  o f  L iapunov f u n c t i o n s  t o  s tu d y  r e a c t o r  s t a b i l i t y .  Because 
o f  th e  c o m p le x i ty  o f  t h e  model u sed  i n  t h i s  w ork , s t a b i l i t y  was 
s t u d i e d  by means o f  d i r e c t  s i m u l a t i o n .  I f  L ia p u n o v 's  method 
were used  on t h i s  p ro b le m , one would d i r e c t l y  o b t a i n  an  e s t i m a t e  o f  
th e  r e g io n  o f  s t a b i l i t y .  Thus, i t  would be b o th  i n t e r e s t i n g  and 
v a l u a b l e  t o  a t t e m p t  t o  s tu d y  s t a b i l i t y  i n  t h i s  way.
( i v )  The s p e c i f i c  c a s e  o f  t h e  a u to th e r m a l  b a t c h  gas  f l u i d i z e d  
bed r e a c t o r  was exam ined . However, b e c a u se  o f  c a t a l y s t  d e a c t i v a t i o n ,  
many beds  a r e  n o t  o p e r a t e d  w i th  a  c a p t i v e  b e d ,  b u t  r a t h e r  they  
u t i l i z e  a  r e c i r c u l a t i n g  b ed ,  f o r  exam ple , t h e  c a t a l y t i c  c r a c k in g  
u n i t s  i n  p e t ro le u m  r e f i n e r i e s .  I t  i s  t o  be  e x p e c te d  t h a t  th e  
a n a l y s i s  o f  t h i s  p rob lem  m igh t r e v e a l  s u b s t a n t i a l l y  d i f f e r e n t  
c h a r a c t e r i s t i c s  f o r  th e  r e c i r c u l a t i n g  b e d ,  a n d ,  a t  p r e s e n t ,  t h i s
h a s  n o t  been  r e p o r t e d  i n  t h e  l i t e r a t u r e .  T h u s ,  i t  i s  recommended 
t h a t  th e  model u sed  i n  t h i s  r e s e a r c h  be m o d i f ie d  t o  a c c o u n t  f o r  
c a t a l y s t  r e c i r c u l a t i o n  and  a g e in g ,a n d  a  s i m i l a r  s tu d y  be p e r fo rm e d .
In  c o n c l u s i o n ,  i t  i s  b e l i e v e d  t h a t  s tu d y  o f  t h e  above a r e a s  
w i l l  p r o v id e  v a l u a b l e  a d d i t i o n s  i n  th e  g e n e r a l  f i e l d  o f  c h e m ic a l  




a '  ■ r a t i o  o f  e x t e r n a l  s u r f a c e  a r e a ,  e x c lu d in g  any
I n t e r n a l  p o re  s u r f a c e  a r e a ,  to  volume f o r  a  
c a t a l y s t  p a r t i c l e ,  cm- 1 .
a  ■ r a t i o  o f  t o t a l  s u r f a c e  a r e a  c o n t a i n i n g  a c t i v e
s i t e s ,  I n c l u d i n g  any  i n t e r n a l  p o re  s u r f a c e  a r e a , t o  
volume f o r  a  c a t a l y s t  p a r t i c l e ,  cm"*.
A ■ m a t r ix  o f  d im e n s io n le s s  c o e f f i c i e n t s .
2
At  ■ open c r o s s - s e c t i o n a l  a r e a  o f  b e d ,  cm .
B. “  — Sh,  f  = g ro u p in g  o f  te rm s u sed  i n  E q u a t io n
d y 0  d mt
(2 - 4 8 )  f o r  th e  o v e r a l l  g as  t o  s o l i d  mass t r a n s f e r  
c o e f f i c i e n t  i n  b e d ,  s e c “ l .
C = m a t r i x  o f  d im e n s io n le s s  c o e f f i c i e n t s .
C. "  c o n c e n t r a t i o n  o f  component A, gm-moles/cm"^.A
3
C. “  c o n c e n t r a t i o n  o f  gas  e n t e r i n g  r e a c t o r ,  gm-m oles/cm .Ao
C., = c o n c e n t r a t i o n  o f  component A in  b u b b le  p h a s e ,  gm-
m oles /cm  .
CAc -  c o n c e n t r a t i o n  o f  component A in  c lo u d  and wake r e g io n
gm -m oles/cm  .
CAe * c o n c e n t r a t i o n  o f  component A in  e m u ls io n  p h a s e ,  gm-
m o les /cm  .
CAbf = c o n c e n t r a t i o n  o f  e f f l u e n t  b u b b le  p h a se  g a s ,  gm -m oles/
cm .
C. f  = c o n c e n t r a t i o n  o f  e f f l u e n t  c lo u d  and  wake g a s ,  gm-
c m o les /cm  .
3
CAej  = c o n c e n t r a t i o n  o f  e f f l u e n t  em u ls io n  g a s ,  gm-moles/cm .
C b i k  = b u lk  £ lu ^ d  p h ase  c o n c e n t r a t i o n  o f  component A, gm-
* u m oles/cm  .
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C. .  = c o n c e n t r a t i o n  o f  component A a t  t h e  e x t e r n a lA. surf&cfi i'  s u r f a c e  o f  a  c a t a l y s t  p a r t i c l e ,  gm-mole/cm .
C * h e a t  c a p a c i t y  o f  g a s ,  c a l / ( g m - ° C ) .
P8
C = h e a t  c a p a c i t y  o f  s o l i d s ,  c a l / (g m -® C ) .ps
Cr e ^ =* r e f e r e n c e  c o n c e n t r a t i o n  f o r  n o r m a l i z a t i o n ,
gm-m oles/cm .
= e f f e c t i v e  b u b b le  d i a m e te r ,  cm.
d = d ia m e te r  o f  a  p a r t i c l e  o f  a r b i t r a r y  s h a p e ,  so
P d e f in e d  t h a t  th e  volume o f  th e  p a r t i c l e  e q u a l s
f  dn ’ cm*6  p
d fc = open d ia m e te r  o f  b e d ,  cm.
2
D = mass d i f f u s i v i t y ,  cm / s e c .
2
D = a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,  cm / s e c .&
2
De = e f f e c t i v e  mass d i f f u s i v i t y ,  cm / s e c .
= a x i a l  d i s p e r s i o n  c o e f f i c i e n t  f o r  b u b b le  p h a s e ,
a  c m ^ /s e c .
D = a x i a l  d i s p e r s i o n  c o e f f i c i e n t  f o r  e m u ls io n  p h a s e ,
A 6  2 / __cm / s e c .
E (0 )  = c o n t a c t  t im e  d i s t r i b u t i o n  f u n c t i o n  o b ta in e d  from
r e s i d e n c e  t im e  d i s t r i b u t i o n  d a t a  f o r  t r a c e r  
g a s  e n t e r i n g  a  b e d ,  d im e n s io n le s s .
E = d im e n s io n le s s  a c t i v a t i o n  en e rg y  g roup  d e f in e d  by
A ( 4 - 1 0 d ) .
•
E^ = en e rg y  i n p u t  t o  a  r e a c t o r ,  c a l / s e c .
E = en e rg y  l e a v in g  a  r e a c t o r  i n  e f f l u e n t  s t r e a m ,
°  c a l / s e c .
f  = some f u n c t i o n .
f  = f r a c t i o n  o f  t h e  incom ing  gas e n t e r i n g  th e  b u b b le
p h a s e ,  d im e n s io n le s s .
f  = f r a c t i o n  o f  incom ing  gas  e n t e r i n g  th e  c lo u d  and
c wake r e g i o n ,  d im e n s io n le s s ,
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f r a c t i o n  o f  th e  Incom ing gas  e n t e r i n g  t h e  e m u ls io n  
r e g i o n ,  d im e n s io n le s s .
2
g r a v i t a t i o n a l  a c c e l e r a t i o n  c o n s t a n t ,  980 cm /sec  ,
s t e p  s i z e  on th e  d im e n s io n le s s  v a r i a b l e  § .
h e a t  t r a n s f e r  c o e f f i c i e n t  be tw een  a  p a r t i c l e  and 
th e  f l u i d  i n  which i t  i s  b a th e d  when th e  r e ­
l a t i v e  v e l o c i t y  be tw een  t h e  f l u i d  and s o l i d  i s  
u ^ ,  c a l /c m  - s e c - ° C .
h e a t  t r a n s f e r  c o e f f i c i e n t  be tw een  b u b b le  phase 
c a t a l y s t  and b u b b le  phase  g a s ,  c a l / c m ^ - s e c - ° C .
h e a t  t r a n s f e r  c o e f f i c i e n t  be tw een  c lo u d  and wake 
gas  and  c a t a l y s t  i n  t h i s  r e g i o n ,  c a l / c m ^ - s e c - ° C .
h e a t  t r a n s f e r  c o e f f i c i e n t  be tw een  c a t a l y s t  and 
gas  i n  em u ls io n  p h a s e ,  c a l /c m  - s e c -° C .
o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  betw een the  gas  
and s o l i d s  in  a  f l u i d i z e d  bed  b a s e d  on th e  e x ­
t e r n a l  s u r f a c e  a r e a  o f  th e  c a t a l y s t ,  c a l / c m ^ - s e c - ° C .
h e a t  t r a n s f e r  c o e f f i c i e n t  be tw een  a p a r t i c l e  and
th e  f l u i d  i n  w hich i t  i s  subm erged when th e
r e l a t i v e  v e l o c i t y  betw een th e  s o l i d  and f l u i d  i s
u j., c a l / c m  - s e c - ° C .  ml
h e a t  t r a n s f e r  c o e f f i c i e n t  be tw een  a  p a r t i c l e  and 
f l u i d  f lo w in g  w i th  r e l a t i v e  v e l o c i t y  equa£  to  
t h e  t e r m i n a l  v e l o c i t y  o f  p a r t i c l e ,  c a l /c m  - s e c - ° C .
o v e r a l l  h e a t  g e n e r a te d  i n  r e a c t o r ,  c a l / s e c .
t o t a l  h e a t  a b s o rb e d  by gas  i n  f l u i d i z e d  b e d , c a l / s e c .
s e n s i b l e  h e a t  ta k e n  up by c o ld  r e a c t o r  f e e d , c a l / s e c .
h e a t  in t e r c h a n g e  c o e f f i c i e n t  f o r  th e  h e a t  t r a n s f e r  
r a t e  be tw een  th e  b u b b le  p h ase  g as  and th e  c loud  
and wake g a s  p e r  u n i t  volume o f  b u b b le  p h a s e ,  
c a l / (  c c - s e c - ° C ) .
o v e r a l l  h e a t  i n t e r c h a n g e  c o e f f i c i e n t  f o r  th e  h e a t  
t r a n s f e r  r a t e  be tw een  th e  b u b b le  p h ase  gas  and 
th e  em u ls io n  p h a se  gas p e r  u n i t  volume o f  bubb le  
p h a se  g a s ,  c a l / ( c c  - s e c - ° C ) .
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h e a t  I n t e r c h a n g e  c o e f f i c i e n t  f o r  th e  h e a t  t r a n s f e r  
r a t e  be tw een  t h e  c lo u d  and  wake gas  and  th e  
em u ls io n  gas  p e r  u n i t  volume o f  bubb le  p h a s e ,  
c a l / (  c c - s e c - ° C ) .
i d e n t i t y  m a t r i x ,  d im e n s io n le s s .
d im e n s io n le s s  t im e  s t e p  i n  F ig u re  V - l .
mass t r a n s f e r  c o e f f i c i e n t  betw een f l u i d  and 
p a r t i c l e ,  c m /se c .
th e rm a l  c o n d u c t i v i t y  o f  th e  g a s ,  c a l / c m - s e c - ° C .
b a s i c  r e a c t i o n  r a t e  c o n s t a n t  f o r  f i r s t  o r d e r  
c a t a l y t i c  r e a c t i o n ,  c m /s e c .
d u r a t i o n  o f  a  d i s t u r b a n c e ,  d im e n s io n le s s .
mass t r a n s f e r  c o e f f i c i e n t  be tw een  th e  b u b b le  
gas and  th e  c lo u d  and wake g a s ,  cm /sec .
mass t r a n s f e r  c o e f f i c i e n t  be tw een  th e  c lo u d  
and wake gas and  th e  e m u ls io n  g a s ,  cm /se c .
mass t r a n s f e r  c o e f f i c i e n t  be tw een  a  p a r t i c l e  and 
f lo w in g  f l u i d  w i th  r e l a t i v e  v e l o c i t y  u j , c m / s e c .
mass t r a n s f e r  c o e f f i c i e n t  be tw een  a  p a r t i c l e  and 
a  f l u i d  f lo w in g  w i th  r e l a t i v e  v e l o c i t y  u t ,c m /s e c .
d im e n s io n le s s  r e a c t i o n  r a t e  group  f o r  a  f l u i d i z e d  
bed d e f in e d  by E q u a t io n  ( 2 - 6 5 ) .
r a t e  c o n s t a n t  f o r  f i r s t  o r d e r  c a t a l y t i c  r e a c t i o n  
b a se d  on th e  volume o f  c a t a l y s t ,  ( s e c - * ) .
r a t e  c o n s t a n t  d e f in e d  by E q u a t io n  ( 3 - 2 2 ) ,  s e c " * .
o v e r a l l  r a t e  c o n s t a n t  f o r  mass t r a n s f e r  betw een 
g as  an d  s o l i d s  i n  a  f l u i d i z e d  b e d ,  ( s e c - * ) .
gas  i n t e r c h a n g e  c o e f f i c i e n t  f o r  exchange o f  gas 
be tw een  th e  b u b b le  p h ase  and  th e  c lo u d  and wake 
r e g io n  p e r  u n i t  v o lu n e  o f  b u b b le  p h a s e ,  s e c - *.
gas i n t e r c h a n g e  c o e f f i c i e n t  be tw een  th e  c lo u d  and 
wake g a s  and  th e  e m u ls io n  g as  p e r  u n i t  volume o f  
b u b b le  phase  g a s ,  ( s e c  ) .
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o v e r a l l  g a s  I n t e r c h a n g e  c o e f f i c i e n t  b e tw een  th e  
b u b b le  p h a s e  and th e  e m u ls io n  p h a se  p e r  u n i t  
volume o f  b u b b le  p h ase  g a s ,  ( s e c - ^-).
h e i g h t  o f  r e a c t o r  s e c t i o n  o f  a  b u b b l in g  f l u i d i z e d  
b e d ,  cm.
h e i g h t  o f  c a t a l y s t  i n  a  bed  u n d e r  c o n d i t i o n s  o f  
minimum f l u i d i z a t i o n ,  cm.
mass f lo w  r a t e  i n t o  f l u i d i z e d  b e d ,  g m /se c .
mass f r a c t i o n  o f  t o t a l  c a t a l y s t  in  t h e  b u b b le  
p h a s e ,  d im e n s io n l e s s .
mass f r a c t i o n  o f  t o t a l  c a t a l y s t  i n  t h e  c lo u d  and  
wake r e g i o n ,  d im e n s io n l e s s .
mass f r a c t i o n  o f  th e  t o t a l  c a t a l y s t  i n  th e  em ul­
s i o n  p h a s e ,  d im e n s io n le s s .
s o l i d  i n t e r c h a n g e  c o e f f i c i e n t  be tw een  b u b b le  
p h ase  and  e m u ls io n  ph ase  p e r  u n i t  volume o f  
b u b b le  p h a s e ,  ( s e c  ) .
number o f  h o l e s  i n  a  p e r f o r a t e d  p l a t e  d i s t r i b u t o r ,  
d im e n s io n le s s .
m oles  o f  component A, gm -m oles.
N u s s e l t  number f o r  h e a t  t r a n s f e r  be tw een  a  p a r t i c l e  
and  f l u i d  f lo w in g  w i th  r e l a t i v e  v e l o c i t y  ur> 
d i m e n s i o n l e s s .
N u s s e l t  number f o r  h e a t  t r a n s f e r  be tw een  a  p a r t i c l e  
and  f l u i d  f lo w in g  w i th  a  r e l a t i v e  v e l o c i t y  u t , 
d i m e n s i o n l e s s .
N u s s e l t  number f o r  t h e  o v e r a l l  h e a t  t r a n s f e r  
be tw een  t h e  s o l i d s  and gas  i n  a  f l u i d i z e d  b e d ,  
d im e n s io n le s s .
d im e n s io n le s s  c o e f f i c i e n t s  o f  c h a r a c t e r i s t i c  
e q u a t i o n ,  E q u a t io n  ( 3 - 9 5 ) .
m a t r ix  d e f in e d  by E q u a t io n  ( 4 - 2 0 a ) .
P r a n d t l  num ber, d im e n s io n l e s s .
v o lu m e t r i c  f low  r a t e  o f  gas  c i r c u l a t i n g  th ro u g h  
a  b u b b le  i n  a  b e d ,  cm / s e c .
d im e n s io n le s s  v e c t o r  d e f in e d  by E q u a t io n  ( 5 - 2 2 ) .
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v o lu m e t r i c  I n p u t  t o  a  b e d ,  cm / s e c .  
m a t r i x  d e f in e d  by E q u a t io n  (4 - 2 0 b ) .  
r a d i u s ,  cm.
c a t a l y t i c  r e a c t i o n  r a t e  p e r  u n i t  volume o f  
c a t a l y s t ,  g m - m o l e s / ( c n r - s e c . ) .
i d e a l  gas  c o n s t a n t ,  1 .987  c a l / ( g m - m o le - ° K ) .
r a d i u s  o f  b u b b le ,  cm.
r a d i u s  o f  c lo u d  and  wake r e g i o n ,  cm.
R eyno lds  number f o r  f low  p a s t  a  p a r t i c l e ,  
d im e n s io n l e s s .
S chm id t num ber,  d im e n s io n le s s .
Sherwood num ber, d im e n s io n le s s .
Sherwood number f o r  mass t r a n s f e r  be tw een  a  
p a r t i c l e  and  f l u i d  f lo w in g  w i th  r e l a t i v e  v e l o c i t y  
u ^ ,  d im e n s io n le s s .
Sherwood number f o r  mass t r a n s f e r  b e tw een  a  
p a r t i c l e  and f l u i d  f lo w in g  w i th  r e l a t i v e  v e l o c i t y  
u t , d im e n s io n le s s .
i n t e r f a c i a l  s u r f a c e  a r e a  be tw een  b u b b le  and  
c lo u d  and w ake, cm^.
i n t e r f a c i a l  s u r f a c e  a r e a  be tw een  th e  c lo u d  a n d
2
wake r e g io n  and t h e  e m u ls io n  r e g i o n ,  cm .
2e x t e r n a l  s u r f a c e  a r e a  o f  a  c a t a l y s t  p a r t i c l e ,  cm .
t o t a l  s u r a f c e  a r e a  o f  a  c a t a l y s t  p a r t i c l e  i n c l u d i n g  
i n t e r n a l  s u r f a c e ,  cm^.
d im e n s io n le s s  t im e  d e f in e d  E q u a t io n  ( 5 - 1 ) .  
t e m p e ra tu r e  o f  r e a c t i n g  f l u i d ,  °K. 
t e m p e ra tu r e  o f  gas  e n t e r i n g  th e  b e d ,  °K. 
t e m p e ra tu r e  o f  c a t a l y s t ,  °K.
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T , * t e m p e r a t u r e  o f  g a s  i n  t h e  b u b b le  p h a s e ,  °K.gb
X ** t e m p e r a t u r e  o f  gas  i n  t h e  c l o u d  and  wake r e g i o n , 0K.
ge
T = t e m p e r a t u r e  o f  gas  i n  t h e  em u ls io n  r e g i o n ,  °K.ge
T = e f f l u e n t  b u b b le  phase  t e m p e r a t u r e ,  °K.g b f
T = e f f l u e n t  t e m p e r a t u r e  o f  c lo u d  and wake g a s ,  °K.g c f
T = e f f l u e n t  t e m p e r a t u r e  o f  em u ls io n  gaB ,
g e f
Tr e £ = r e f e r e n c e  t e m p e r a t u r e ,  °K.
T. , ,  = b u l k  t e m p e r a t u r e  o f  a  f l u i d ,  °K.b u lk
T - -  t e m p e r a t u r e  a t  t h e  e x t e r n a l  s u r f a c e  o f  a
s u r f a c e  c a t a l y s t  p a r t i c l e ,  °K.
u, = b u b b le  v e l o c i t y ,  c m / s e c .b
u = v e l o c i t y  o f  g a s  i n  t h e  e m u ls io n  p h a s e ,  c m /s e c .e
u .  = upward v e l o c i t y  o f  gas  a t  minimum f l u i d i z i n g







3V = volume o f  c a t a l y s t ,  cm .c a t
s u p e r f i c i a l  f l u i d  v e l o c i t y  (on open tu b e  b a s i s )  
e n t e r i n g  b e d ,  c m /s e c .
u = mean downward d r i f t  v e l o c i t y  o f  s o l i d s  i n
8 e m u l s io n  p h a s e ,  c m /s e c .
r e l a t i v e  v e l o c i t y  be tween  p a r t i c l e  and f l o w in g  
f l u i d ,  cm /s e c .
r i s e  v e l o c i t y  o f  a  b u b b le  r e l a t i v e  t o  em u ls io n  
p h a s e ,  c m /s e c .
u - = s u p e r f i c i a l  g a s  v e l o c i t y  a t  minimum f l u i d i z a t i o n ,
m cm/ s e c .
3
V, = volume o f  bed o c c u p ie d  by b u b b l e s ,  cm .b
V = volume o f  c lo u d  p e r  u n i t  volume o f  b u b b le  p h a s e ,
d i m e n s i o n l e s s .
3
V = volume o f  bed o c cu p ied  by em u ls ion  p h a s e ,  cm .
3V = t o t a l  volume o f  a  b e d ,  cm .
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mass o f  c a t a l y s t  I n  b e d ,  gm.
v e c t o r  o f  s t a t e  v a r i a b l e s ,  d im e n s io n le s s .
s t e a d y  s t a t e  r e a c t o r  c o n v e r s io n  o f  com ponent 
A, d im e n s io n le s s .
l o g a r i t h m ic  mean f r a c t i o n  o f  n o n - d i f f u s i n g  
com ponent, d im e n s io n le s s .
a x i a l  p o s i t i o n  i n  bed  m easured  from  th e  i n l e t  
d i s t r i b u t o r ,  cm.
r a t i o  o f  wake volume to  b u b b le  volum e, 
d im e n s io n le s s .
d im e n s io n le s s  c o e f f i c i e n t s  d e f in e d  by 
E q u a t io n  ( 3 - 9 2 ) .
f r a c t i o n  o f  t o t a l  bed  volum e o c c u p ie d  by e m u ls io n  
p h a s e ,  d im e n s io n l e s s .
volume o f  c a t a l y s t  i n  b u b b le s  p e r  u n i t  volume 
o f  b u b b le  p h a s e ,  d im e n s io n le s s .
volume o f  c a t a l y s t  i n  c l o u d  and wake r e g i o n  p e r  
u n i t  volume o f  b u b b le  p h a s e ,  d im e n s io n l e s s .
volume o f  c a t a l y s t  i n  t h e  e m u ls io n  phase  p e r  
u n i t  volume o f  b u b b le  p h a s e ,  d im e n s io n le s s .
f r a c t i o n  o f  t o t a l  bed  volum e o c c u p ie d  by b u b b le  
p h a s e ,  d im e n s io n le s s .
p e r c e n t  change i n  e f f l u e n t  b u b b le  phase  c o m p o s i t io n  
d e f in e d  by E q u a t io n  ( 5 - 3 2 ) ,  d im e n s io n le s s .
p r e s s u r e  d rop  i n  any  c o n s i s t e n t  u n i t s .
v o id  f r a c t i o n  o f  b u b b le s  i n  b ed ,  d im e n s io n l e s s .
v o id  f r a c t i o n  i n  t h e  e m u ls io n  p h a s e  o f  a 
b u b b l in g  f l u i d i z e d  b ed ,  d im e n s io n l e s s .
v o id  f r a c t i o n  i n  b u b b l in g  f l u i d i z e d  bed a s  a 
w ho le ,  d im e n s io n le s s .
v o id  f r a c t i o n  i n  packed  b e d ,  d im e n s io n l e s s .
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C _ = v o id  f r a c t i o n  i n  bed  u n d e r  minimum f l u i d i z l n g
c o n d i t i o n s ,  d im e n s io n le s s .
T \  ■ e f f e c t i v e n e s s  f a c t o r  f o r  c a t a l y t i c  r e a c t i o n s ,
d im e n s io n le s s .
TV = e f f e c t i v e n e s s  f a c t o r  b a se d  on b u lk  p h a se  c o n d i t i o n s
d e f in e d  by E q u a t io n  ( 3 - 1 9 ) ,  d im e n s io n l e s s .
0  = t im e ,  s e c .
\  = e ig e n v a lu e s  o f  E q u a t io n  ( 3 - 8 8 ) .
)j, = v i s c o s i t y  o f  g a s ,  gm /cm -sec .
5  = d im e n s io n le s s  p o s i t i o n  i n  bed  d e f in e d  by
E q u a t io n  ( 3 - 8 6 ) .
TT = 3 .1 4 1 6 ,  d im e n s io n l e s s .
3
p ~  d e n s i t y  o f  g a s ,  gm/cm .
8 3
p = d e n s i t y  o f  c a t a l y s t ,  gm/cm .
s
1 = s t a t e  t r a n s i t i o n  m a t r ix  d e f in e d  by E q u a t io n  (3 -9 1 b ) ,
0  = s p h e r i c i t y  o f  p a r t i c l e ,  d im e n s io n l e s s .s
Y = a  f u n c t i o n  d e f in e d  by E q u a t io n  ( 5 - 2 6 ) .
S u b s c r i p t s :
b = b u b b le  p h ase
c = c lo u d  and wake r e g io n
e = em u ls io n  p h ase
g = gas  p r o p e r t i e s
I  = i n l e t  o r  i n i t i a l  c o n d i t i o n s
s = p r o p e r t i e s  o f  c a t a l y s t
t  = t e r m i n a l
mf -  minimum f l u i d i z i n g  c o n d i t i o n s
s s  = s te a d y  s t a t e  p r o p e r t i e s
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th e  E th y l  C o r p o r a t io n  o f  Baton Rouge, he r e tu r n e d  to  L o u is ia n a  
S t a t e  U n iv e r s i t y  to  c o n t in u e  g r a d u a te  s tu d y .  At p r e s e n t ,  he i s  a 
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